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Figure 1 – Normal fault within 
the Natih formation exposed 
near Jebel Shams/Oman. The 
morphology of the fault plane 
changes from a single fault 
plane to an array of faults within 
the interbedded layer in the 
middle. The distribution of the 
throw as well as the apertures of 
the fractures differ significantly 
along the fault plane. (Photos by 
Janos L. Urai, height of the 
middle layers is approximately 
15 m) 
 
1 Introduction 
 
1.1 Background 
 
The deformation of the upper Earth’s crust is largely localized into faults and 
fractures [1]. These narrow or complex zones generally show properties contrasting 
from the surrounding rock. The challenge to accurately describe or predict these 
properties lies in the variability of the geometry and the range of the properties 
themselves.  
 
The localization of brittle failure leads in general to sharp contrasts between the rock 
body and the fracture [1-4]. Although commonly showing a higher permeability and 
lower mechanical strength the character of the fracture can change just because of 
these properties: (i) The low mechanical strength may localize further slip on the 
weak fracture plane leading to mechanical fragmentation and the milling of host rock 
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material and in the end to the formation of an impermeable fault gouge [1, 4-10]. (ii) 
An open fracture may promote the percolation of fluid with the cementation of the 
newly created space as well as impregnation of the surrounding rock matrix [11-18]. 
This healing process can increase to the rock strength beyond that of the 
surrounding host rock and lower the overall permeability significantly.  
 
The modification of the bulk rock properties towards extremes is difficult to 
formulate as it is a localized and dynamic process with the potential for massive 
changes over time (Figure 1).   
Its impact is however important as it has implications on many economic and 
scientific fields such as the prediction or earthquakes [19-23] and their risk 
assessment [24, 25], the characterization of subsurface permeability models in the 
hydrocarbon industry [8, 26-28] and more shallow studies on fluid conduits in 
hydrogeology [29, 30].  
 
 
Our understanding of the geometry of faults and fractures as well as their evolution 
over time is largely based on case studies and models as a result of different 
approaches:  
 
The geometry of faults and fractures is studied in outcrops on many different scales. 
The observations span several orders of magnitude [31-35]. Large-scale observations 
on the geometry of the 1st order structures are carried out in outcrops or on satellite 
images and seismic data [36-44]. Mesoscale observations [45-53] on the scale of 
outcrops allow more insight in the fault zone properties [54, 55] and commonly 
include sampling of the fault lithotypes used for microstructural characterization [56-
66]. 
  
The availability of multi-scale data on fault distributions is used for the formulation 
of statistical rules [27, 28, 67-76] to predict fracture populations. Others use fracture 
and fault properties like e.g. aperture [77], length, lithology [78] and slip/throw [79-
81] to formulate dependencies [82] of properties, often used as a base for 
mechanical models [83-92].  
 
These commonly static observations on the geological system are further verified by 
dynamic models illustrating the time dependency and the evolution of the involved 
parameters. For many decades analogue models have been used for this purpose 
[93-104], being recently more and more supplemented by numerical models [100, 
105-109]. The growing computer power and the improving numerical codes are more 
flexible in formulating more complex models like e.g. THM feedback systems 
(thermal, hydraulic, mechanical) while having the advantage of testing the sensitivity 
of individual parameters.   
 
Despite the progress, our understanding of the complex nature of faulting and 
fracturing is based on a large number of rather individual models. These focus on 
different scales or phenomena like the impact of lithologies, mechanical effects or 
stochastic observations. It therefore proves difficult to find and combine the proper 
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models to describe the coupled systems for an accurate prediction of bulk evolution 
of these natural structures [74, 110-122]. 
 
 
1.2 Aims 
 
As previously discussed, processes of brittle deformation are accessed by a wide 
variety of different techniques and models, which successfully reproduce a vast 
number of processes. However the nature of a model is that it simplifies and 
therefore it often fails to include feedback characteristics. The aim of this thesis is 
not to present more potent models but to characterize the complexity of some 
feedback systems on a variety of different scales. This work aims to discuss the 
significance of (i) material heterogeneity and mechanical anisotropy, (ii) time, (iii) 
healing processes and (iv) geometry, as it discusses a few numbers of case studies 
all of which show dilatant fracturing.  
 
To illustrate some of these processes the used geometric scale spans from a few μm 
to a several kilometers by discussing micro-structural aspects, fieldwork 
observations and satellite image interpretation.  
Next to these “static” observations some time dependent aspects are discussed by 
the use of 4D data obtained from a scaled analogue model. Although treated as 
individual chapters an outlook at the end of the thesis attempts to formulate the use 
of the presented data. 
 
1.3 Outline of this thesis 
 
The Chapters 2, 3, 4, 5 and 6 are written in such a form that they are self-standing 
entities, as they were prepared for publication purposes. This however leads 
inevitably to some repetition among text and figures. The thesis is organized as 
followed: 
 
 
Chapter 2: Fault gouge evolution in highly overconsolidated claystones 
In this chapter the internal properties of normal faults in overconsolidated claystones 
are studied. These rocks are deformed in the brittle regime during a late stages of 
exhumation. As shown by the clay mineralogy of the studied fault gouges the system 
develops in a pure mechanical fashion. Without diagenetic and weathering processes 
different lithotypes evolve with distinct transport properties. This system displays an 
end-member of brittle deformation governed primarily by mechanical processes and 
discusses its evolution over time. 
 
Chapter 3 and 4: The Faults and Fractures in the Mesozoic Carbonates of Jabal 
Shams (I and II) 
Fieldwork and extensive interpretation of remote sensing data sets were carried out 
on an exhumed high-pressure carbonate reservoir at Jabal Shams/Oman Mountains. 
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Excellent outcrop conditions allowed a multi-scale study of a system that has been 
subject to a multiphase deformation. This system is governed by a complex feedback 
system of mechanical, hydraulic and chemical processes as the reservoir is 
constantly resealed by calcite cementation, raising questions on the localization of 
strain and on development of the bulk transport properties of the system. 
 
Chapter 5:  Evolution of anastomosing crack-seal vein networks in limestones: 
insight from an exhumed high pressure cell, Jabal Shams, Oman Mountains 
This chapter concentrates on the micro-structural evolution of a special form of 
zebra carbonate exposed in outcrops of Jebel Shams. The properties of a 
supersaturated network of veins are described and interpreted. This microstructural 
study discusses the impact of mechanical strength and cementation resulting in 
distinct feedback characteristics of fracture and resealing cycles.  
 
Chapter 6:  Evolution of fractal dilatant fracture networks in normal faults – 
evidence from 4D model experiments 
After discussing the feedback systems governed by mechanical, hydraulic and 
chemical processes an analogue model using cohesive powder presents a pure 
mechanical system. The scaled model is deformed in a normal fault setup and 
analyzed in 4D with the use of a computer tomograph. This approach illustrates the 
complexity of the mechanical and geometric aspects of deformation. 
 
 
1.4 Parts of the thesis work which are submitted/have been 
published 
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2 Fault gouge evolution in highly overconsolidated 
claystones1 
 
2.1 Abstract 
 
Processes of fault gouge evolution in hard claystones start with 
cataclasis that produces a soft clay gouge, which fills the space 
between the initial fragments. This re-seals the initially highly 
porous and permeable damage zone, without diagenetic 
processes. We studied this process in shales and sandstones, 
deformed in normal faults after uplift to shallow crustal depths 
in the Ardennes and Eifel. Detailed mapping shows four different 
lithotypes from intact shale in the wall rock, broken wall rock 
fragments with various amounts of clay, to a fully reworked 
gouge. These lithotypes reflect different evolutionary stages. 
The similar mineralogy of the different lithotypes suggests that 
the main process involved is mechanical fragmentation with 
minor contribution by diagenetic changes or weathering, 
accompanied by large changes in microstructure, porosity and 
transport properties. While the wall rock has a very low porosity 
and permeability, initial deformation results in a much higher 
porosity with large pores. The reworked clay gouge also has a 
high porosity, but its pore size corresponds to a lower 
permeability and higher capillary seal capacity. In upper crustal 
fault zones in strong, brittle lithologies, this early re-sealing in 
sections consisting of claystone will lead to local barriers to 
along-fault fluid flow. 
 
 
2.2 Introduction 
 
Faulting usually leads to large changes in mechanical and transport properties of a 
rock body. In the early stages of deformation, processes of fault gouge evolution 
depend on mineralogy, porosity and cohesive strength of the wall rock, effective 
stress path, temperature and chemical composition and flow velocity of the pore 
fluid [1-4]. For example, porous sandstone, claystone or limestone deforming under 
sufficiently high effective stress may compact during deformation, while the same 
rock may dilate when deformed under lower effective stress [5-7]. This process will 
lead to large changes in shear strength and transport properties [3], and a complex 
evolution of the fault zone with increasing displacement [1, 4, 8]. The contrast 
between properties of fault gouge and wall rock are largest when the wall rock has 
previously been compacted and cemented at depth much higher than that of the 
                                                 
1 Marc Holland, Janos L. Urai, Wouter van der Zee, Helge Stanjek, Jan Konstanty; Journal of 
Structural Geology(28), 2006 
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faulting. This overconsolidation will lead to initial dilatant faulting, and to a fault 
gouge, which has a higher porosity and much lower relative strength than the wall 
rock. In these faults the initial increase in permeability [3, 9] commonly leads to 
diagenetic reactions, which may produce new minerals [10] or lead to precipitation in 
veins or pores with associated reduction of permeability and partial restoration of 
shear strength. While in sandstones [8, 11] and carbonates [12, 13] many aspects of 
this process have been documented, processes in hard claystones [14-17], are poorly 
known. An interesting aspect here is that progressive deformation of a hard shale 
can be expected to result in grain-scale disintegration of the rock and produce a soft 
clay in critical state [18, 19]. This gouge has a higher porosity and significantly lower 
strength than the wall rock, and forms without the need for diagenetic processes. 
Although it is more permeable than the country rock, if it fills the voids of the fault 
zone, it can form a seal for fluid flow [20]. An example of this process is described 
by Lindsay et al. (1993) for normal faults in a highly overconsolidated sand-clay 
sequence. Here, the fault gouge is dominantly composed of soft, reworked clay 
gouge, which can form a clay smear between juxtaposed sandstone layers. However, 
although the basic processes were recognized, a detailed microstructural and 
petrophysical study of the process was not reported in this study. The aim of this 
paper is to document the evolution of microstructure and the corresponding 
transport properties in a fault zone forming in hard claystones, based on outcrop 
study, and laboratory analysis of samples taken in the field.  
 
 
2.3 Geological setting 
 
The outcrops studied are located in the Variscan foreland thrust belt in the Ardennes 
and Eifel [21]. The rocks are sandstones and fissile claystones.  Burial of the rocks in 
a passive continental margin to depths of around 8 km (P,T around 300 ºC and 200 
MPA [22]) and the subsequent Variscan orogeny produced a typical sequence of hard 
claystones and sandstones and led to the development of reverse faults and folds 
with associated cleavage. This was followed by uplift, erosion and post-orogenic 
faulting [21]. After the formation of a peneplain and cretaceous sedimentation, uplift 
of the Rhenish massif started in the Upper Cretaceous and has continued to recent 
times. A post-Oligocene uplift of up to 460 m can be demonstrated in parts of the 
area [21]. The differential uplift between distinct blocks [23] led to the formation of 
normal faults and to reactivation of existing structures. The normal fault systems 
described in this paper were probably formed in this last stage.  
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Figure 1 - Geographic location of the two 
outcrop sites at the Rursee reservoir in the 
German Eifel (R) and Stoumont in the Belgian 
Ardennes (S). 
 
2.3.1.1 Outcrop characteristics 
 
The first outcrop (Figure 1; Stoumont/Belgium, at the N633 road between Targnon 
and Stoumont) is located in the Cambro-Ordovician basement, in the other (Figure 1; 
Rursee reservoir/Germany, [24]) the rocks are of lower Devonian age [25]. The 
outcrops studied comprise interbedded sandstone and shale layers and normal faults 
with clay gouge. The fault structures in all outcrops are very similar and are 
described together; reference to individual locations is given in the figure captions. 
The faults are usually sub-parallel to the local orientation of bedding and are located 
close to the shale/sandstone interface. This setting is usually found on the folds 
limbs. Crosscutting relationships are in contrast present in the proximity of fold-
hinges. The fault zones show large variations in their width, between a few cm and 1 
m (Figure 2). A prominent thin clay gouge with a rather sharp contact to the wall 
rock can change gradually in a wide fault zone composed of damaged wall rock and 
multiple strands of gouge. A clearly defined fault core between damage zones [1, 4, 
26] is not present as expected for a fully localized mature fault. Soft gouge is found 
in a complex network of anastomosing or branching strands, heterogeneously 
distributed in a wider zone of disrupted wall rock.  
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Figure 2 - Details of the Rursee B outcrop (RB) shown as a photo collage (B) and as field-
interpretation (A). The fault zone is sub-parallel to the bedding of a claystone/sandstone 
sequence. The fault zone width is variable and shows a heterogeneous assemblage of strands of 
fault gouge and differently deformed claystone material. Localization towards a single slip-plane 
is not evident. At favorable locations gouge strands branch into the shistosity (Boxes for 
orientation). 
 
2.4 Methods 
 
The outcrops (example shown in Figure 2) were carefully cleaned with tungsten 
carbide scrapers, photographed, mapped in detail and sampled using steel pipes, 
which were hammered into the fault zone [9, 27]. In the laboratory, the samples were 
extracted by carefully cutting the steel pipes along the axis, avoiding damage to the 
samples as much as possible. Then the samples were dried in air, slowly and 
carefully to avoid the formation of shrinkage cracks, following the methods 
described in Hildenbrand and Urai (2003). The samples were grouped based on 
macroscopic attributes and further analyzed with optical microscopy, SEM, whole-
rock XRD, colour measurements and high-pressure mercury porosimetry. Phase 
analyses by XRD were done on top-filled powder specimen. The 001 peak of the 10Å 
phase (mica) was fitted with MacClayFit [28] using a split Pseudo-Voigt function to 
account for asymmetry of the peak. For assessing the Kübler index [29], the 
instrumental broadening contribution was obtained from the unweathered rock 
samples and was subtracted  linearly from the widths of the other samples.  
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Figure 3 - Photographs of samples from different 
fault zone lithotypes. (A): ‘Distorted rock’ with a 
noticeable loss in coherence. Foliated fragments 
and Qz veins are recognizable, with abundant 
fracture porosity between the wall rock fragments. 
Sample RE2. (B): ‘Transition material’. The 
structure of the wall rock fragments is similar to 
the previous, with the space between the 
fragments filled with clay. Sample RA3. (C): ‘Clay 
gouge’. The dominant material is clay, with 
inclusions of deformed wall rock. This lithotype 
looks rather homogeneous in comparison with the 
previous types. Sample RB1. 
 
2.5 Lithotypes  
 
We classified the material in four different lithotypes, which are interpreted to reflect 
different evolutionary stages of the fault zone, with associated changes in 
petrophysical properties in space and time. This classification, which was based on 
macroscopic features (Figure 3) in the outcrop, was shown to be consistent in terms 
of porosity and dominant microstructures. In what follows, we describe these 
lithotypes in more detail. 
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lithotype sample Quartz Kaolinite K-Feldspar Mica Chlorite Goethite Lepidokr. Smectite 
S5 ●●●  ●● ●●●     
RA1 ●●●  ○ ●●● ●●● ○ ●●  
RA2 ●●●  ○ ●● ●●● ○ ●●  
RA5 ●●●  ●● ●●● ●●●  ●●  
RA6 ●●●  ○ ●● ●●● ○ ●●  
RB1 ●●  ●● ●●●● ●● ○ ○ ○ 
RB2 ●●●  ●● ●●● ○ ●● ○ ○ 
RB4 ●●● ○ ●● ●●●● ●●● ○   
Clay 
gouge 
RC1 ●●●  ○ ●● ●● ○ ○  
S1B2 ●●●  ●● ●●● ●● ○   
S2 ●●●  ●● ●●● ●● ○   
S4 ●●●  ●● ●●●● ●●    
RA4 ●●●  ●● ●●● ●●  ●●  
RE3 ●●●  ●● ●●● ●●●    
RE4 ●●●  ●● ●●●● ●●●    
RE6 ●●●  ○ ●● ●●●    
Transition 
material 
RE5 ●●●  ●● ●●● ●●● ○   
S1B1 ●●●  ●● ●●● ●●    
S3 ●●●  ●● ●●●● ●●    
S6A ●●●  ●● ●●● ●● ○ ○  
Distorted  
rock 
RE1 ●●●  ●● ●●●● ●●●●    
Srock ●●●  ○ ●● ●●    
Wall rock RE-
rock ●●●  ○ ●● ●●    
 
 
 
●●●● 
 
High abundance 
●●● Medium abundance 
●● Low abundance 
○ Traces 
 Not detected 
Table 1 - Semi quantitative whole-rock XRD of the lithotypes 
sorted by the different macroscopic types. 
 
2.5.1 Wall rock  
 
The ‘wall rock’ shows no visible evidence of brittle deformation. Coherence and 
internal structure remain virtually unchanged.  
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Figure 4 - Scatter plot showing the 
color measurements of the red (a*) 
and yellow (b*) values of the 
lithotypes. 
 
 
 
This lithotype comprises typical, highly overconsolidated [30] fissile shale and 
sandstones, with low porosity and very low permeability as a result of the burial 
conditions. 
 
2.5.2 Distorted rock 
 
In this lithotype the ‘wall rock’ is noticeably affected by brittle deformation (Figure 
3a), but original structures are clearly recognizable. Small-scale kinking, folding and 
fracturing are ubiquitous. The dense network of open fractures leads to a prominent 
loss in coherence. All fault zone lithotypes show reddish to brown discoloring by 
iron oxides.  
 
2.5.3 Transition material 
 
The transition type is similar to the ‘distorted rock’ but with a higher content of clay-
sized material (Figure 3b). Original structures are still recognizable, but less clearly 
as in the ‘distorted rock’. The presence of clay in between the wall rock fragments 
produces a noticeable increase in coherency and decrease in the amount of open 
fractures, in comparison with the ‘distorted rock’ lithotype. The distinction between 
‘distorted rock’ and ‘transition material’ is subjective because it depends on the size 
of the area under consideration. The ‘transition material’ is best described as a 
heterogeneous mixture of the ‘distorted rock’ and ‘clay gouge’ (see below). 
 
2.5.4 Clay gouge 
 
All fault zones studied contain a significant fraction of very fine-grained ‘clay gouge’.  
The clay is to a large extent structureless but may occasionally contain remnants of 
the previous material types along with broken Qz veins (Figure 3c). The ‘clay gouge’ 
may have a sharp contact to the wall rock or it may coexist - sometimes as multiple 
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Lithotype Count Peak width (°2Θ) 
Mean (S.D.) 
t-test P value  
(against wall rock) 
Wall rock 2 0.00013 (3) – 
Distorted rock 4 0.0349 (1) 0.017 
Transition m. 8 0.0403 (6) 0.065 
Clay gouge 9 0.0488 (9) 0.058 
 
Table 2 - Integral widths of the 001 peak of mica (XRD) corrected for instrumental 
broadening. 
 
strands - with the other lithotypes within a wider fault zone. The word ‘clay’ is used 
to indicate the mineralogical composition of the fine-grained material. 
 
 
2.6 Mineralogy 
 
Results of the (semi-quantitative) XRD analysis (Table 1) show a very similar 
composition in all samples. The mineral assemblage in Table 1 shows no distinct 
trends between the lithotypes, with mica and chlorite being the dominant clay 
minerals. Except for the wall rock samples, which showed essentially instrumental 
peak broadening, the widths of the 001 peak of mica varied between 0.02 and 0.11 
°2Θ and showed a slight (but not significant) increase of the mean ( 
Table 2). Interpreting these widths as Kübler indices shows that none of them 
approaches the border value of 0.25 °2 Θ, which limits the epizone from shallower 
epths [29].  
 
e 
 values do not indicate the presence of 
rrihydrite or hematite in these samples. 
 
d
 
Goethite and lepidocrocite showed up especially in the clay gouge samples, but 
goethite was detected by XRD in all groups except for the wall rock samples (Table 
1). Color measurements confirm essentially these findings with clay gouges having 
on average more redness (i.e., higher a*) than the other samples (Figure 4 - Scatter
plot showing the color measurements of the red (a*) and yellow (b*) values of th
lithotypes.). This agrees with the presence of orange to brown lepidocrocite in 
addition to yellow goethite [31]. The a* and b*
fe
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Figure 5 - Results of Hg injection experiments 
show the differences in the total porosity 
among the four types. The ‘transition 
material and “distorted rock” lithotypes show 
a wide scatter due to the variety in different 
internal structures. 
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Total porosity  
[Vol.-%] 
Bulk density  
[g/cm³] # Samples 
Wall Rock 9.3 2.48 2 
Distorted rock 28.3 1.93 3 
Transition type 27.0 2.04 9 
Clay Gouge 38.5 1.71 9 
Table 3 - Median quantities derived form the Hg-Porosimetry 
 
2.7 Hg Porosimetry 
 
From the carefully dried samples, smaller (approximately 1 cm³) samples were 
broken off, again avoiding damage as much as possible. These samples were used 
for Mercury injection, following the techniques described by Hildenbrand and Urai 
(2003). The Mercury injection plots (Table 1) together with Table 3 show that there 
are large differences between the different lithotypes. A progressive increase in the 
bulk porosity (Table 3) from less than 10 % in the ‘wall rock’ to over 35 % in the ‘clay 
gouge’ is a consistent trend in all samples. However there is a large variability in the 
shape of the Mercury injection curves in the ‘distorted rock’ and ‘transitional 
material’ lithotypes, while ‘wall rock’ and ‘clay gouge’ show similar curves for all 
samples (Figure 5). 
 
 
2.8 Microstructure in SEM 
 
Broken surfaces of the samples were analysed with SEM to show the microstructural 
inventory of the lithotypes reflecting the macroscopic structure as well as the 
porosity distribution. The ‘wall rock’ is dense, and has the typical foliation of a slate 
[32]. The phyllosilicates are aligned due to compaction deformation and 
recrystallization and show no variation at the scale of the sample (Figure 6a). The 
microstructures in the ‘distorted rock’ contain kinked and folded foliation on a small 
scale, together with microcracks. This loosens the fabric and creates fracture 
porosity (Figure 6b). The ‘transition material (Figure 6c) has an increased amount of 
micro-fault zones and shows a decrease in the average size of the mineral 
components. This progressive cataclasis destroys the original fabric and fills the 
large pores, which are formed between the fragments in the “deformed rock” 
lithotype. The ‘clay gouge’ consists dominantly of micron-sized particles Figure 6d) 
and the original fabric of the wall rock is completely obliterated. In domains, the clay 
particles are aligned, but there is no preferred orientation at the scale of the whole 
sample (10 mm).  EDX measurements confirm the presence of iron oxides found in 
XRD. 
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Figure 6 - SEM images from the four lithotypes at different magnifications. (A): ‘Wall rock’ with 
undisturbed parallel foliation. (B): ‘Distorted rock’ with kinks and folds. (C): Small fracture zones (arrows) 
in the ‘transition material’ promote the mechanical grain size reduction. (D): Chaotic fabric in the ‘clay 
gouge’ type with small mineral components and a high porosity. (Scale bars on the left are 200 μm, on the 
right 20 μm and 50 μm. 
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 2.9 Discussion 
 
Previous work on a Devonian slate in this area [33] describe the weathering 
characteristics of similar rock material. It was shown that chlorite is unstable under 
shallow weathering conditions and transforms into kaolinite and montmorillonite. 
The acidic conditions in the uppermost weathering horizon would promote the 
formation of kaolinite. The absence of kaolinite (except for sample RB 4) and rare 
occurrences of smectites (RB 1 and RB 2) indicates therefore that chemical 
weathering processes of silicates were negligible.  
This is also supported by the Kübler indices, which lack significant trends across the 
groups. Peak widths of 0.02 to 0.1 °2Θ would correspond to coherence lengths of 
0.4 to 0.07 μm of the micas. Since a distinction between size broadening and strain 
broadening cannot be done by a single peak analysis, apparently smaller crystal 
sizes could also be due to strain contributions induced by physical stresses. These 
stresses could have induced disaggregation, but obviously did not change the 
primary particle size distribution to a large extent. The presence of goethite in all 
groups (except wall rock samples) together with lepidocrocite (mainly in the clay 
gouges) and the absence of ferrihydrite delimits a physicochemical environment, in 
which the oxidation rate of Fe2+ (possibly delivered by pyrite oxidation) was on the 
one hand slow enough to avoid ferrihydrite formation, but on the other hand fast 
enough to form metastable lepidocrocite [34].   
 
The oxidation rate of Fe2+ depends strongly on the solution pH and on the partial 
pressure of oxygen [35]. For pH 6 and PO
2
 = 2≈104 Pa the half time t
½
 for Fe2+ is 
about 7 hours, whereas for pH = 7 t
½
 drops to several minutes. Although the 
minimum rate of Fe2+ oxidation for lepidocrocite formation is not known as a 
function of pH, we assume that for near neutral solution pH – due to silicate 
buffering – the oxygen supply will be rate determining. The occurrence of 
lepidocrocite in many samples indicates therefore near surface conditions for the 
formation of the iron hydroxides. This implies that faulting and iron oxide formation 
where independent processes.  
 
The normal faults described in this project are interpreted to have offsets less than a 
few ten’s of m, as indicated by the thickness of the fault zone, the absence of a 
clearly developed fault core-damage zone structure [1, 4] and the absence of 
mapable offsets in the 1:25,000 geological maps of the area [24]. Therefore the 
outcrops represent the small faults, which are always present in a population of 
larger ones, and the regions near the tip of large faults. The depth of faulting is 
inferred to have been a few hundred meters, based on the gouge’s void ratio and 
standard soil mechanics relationships between porosity at critical state and effective 
stress [7], although part of the fault motion may well have occurred at somewhat 
higher depth.  
Considering the maximum burial depth, these rocks were extremely 
overconsolidated during faulting. The four different lithotypes identified in this study 
are interpreted to represent different evolutionary stages during progressive faulting  
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in such systems. As expected, the spatial distribution of lithotypes is heterogeneous 
[36]: a narrow band of clay gouge may laterally transfer into a wider zone with a 
complex distribution of all four lithotypes.  
 
 
Figure 7 - Evolutionary model of the development of the lithotypes. The axes show the logarithm of 
the Hg injection pressure (at 20 % sat.) versus the bulk porosity (Vol-%). The ‘wall rock’ responds to 
the faulting process by a general loss in coherence. Microcracks and kinks (‘distorted rock’) create 
large pores (low entry pressures). Progressive deformation leads to an increase in entry-pressures 
interpreted as a mechanical breakdown of the mineral fragments (‘transition material’). The large 
scatter of the ‘transition material’ is due to the variety of possible microstructures. The final stage 
is the ‘clay gouge’. The mechanical breakdown at shallow depth ends with a large volume of small 
pores. Despite the high porosity the initial entry pressure is almost recovered. 
 
The evolution of fault gouge with progressive throw is interpreted as follows: 
 
A cohesive and strong undeformed shale (Figure 6a, Figure 7) with a low 
permeability (Figure 5; <10 Vol.-% porosity; ‘wall rock’ type) reacts on initial faulting 
by a loss of cohesion due to kinking, folding and micro fracturing of the fabric into 
the ‘distorted rock’ lithotype. The ‘distorted rock’ is easily recognizable (Figure 3a) 
by the deformed foliation and poor coherence. The increase in porosity (to ~28 %, 
Figure 4) is an effect of the distortion of the fabric (Figure 6a) resulting in relatively 
large pores and corresponding low entry pressures (Figure 5). This rock type may 
reflect the common term ‘deformation zone’ [1, 4, 26]. Due to the dense crack 
network we expect the highest permeability among the four lithotypes documented 
by low entry pressures in the Hg-porosimetry (Figure 5, Figure 7). Reddish 
discoloring of the deformed lithotypes might document alteration of Pyrite into Fe-
oxides. Progressive deformation/throw on the complex and heterogeneously spaced 
network of folds and cracks (Figure 6b, c) breaks down the fabric in the stage of the 
‘transition material (Figure 3b). Abrasion lenses of the latter lithotype are 
mechanically scaled down, increasing the content of clay gouge material (Figure 3b). 
The general decrease in grain-size is associated with a denser fracture network 
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(Figure 6c). The total porosity hardly changes (Figure 5, Figure 7), while the 
distribution of the pore size promotes smaller diameters due to the overall reduction 
in grain size. The large scatter of entry pressures shown in Figure 5 and Figure 7 are 
a result of the variety in different microstructures, which characterize the structural 
heterogeneity of the ‘transition type’ material. The final ‘clay gouge’ type (Figure 3c) 
is the end member of the fault development and is dominated by an almost pure 
clay. Lenses of less deformed material are almost totally consumed. The clay 
particles are oriented in a irregular fashion (Figure 6) with a high porosity and small-
sized pores, which is expected to reduce the overall permeability noticeably (Figure 
5, Figure 7). The ‘clay gouge’ may present the ‘fault core’ due to the localization of 
fault slip (Figure 2). It should be noted however, that the clay gouge occasionally 
forms complex networks of anastomosing bands, sometimes branching off the main 
fault plane (Figure 2) rather than a localized, subplanar slip-plane. The whole-rock 
XRD analysis shows similar compositions among the four lithotypes. A noticeable 
increase in Fe-bearing minerals is evident due to the alteration of Pyrite – 
macroscopically shown by brownish to reddish discoloring. The Chlorite-content of 
the wall rock sustains in the deformation process, while smectite and kaolonite are 
negligible. This excludes [33] surface-related weathering processes and suggests 
that the deformation stages documented are of pure mechanical nature.  
 
 
2.10 Conclusions 
 
The mechanical destruction of the overconsolidated claystone involves the initial 
failure of the fabric (‘distorted rock’, Figure 7) with permeable pathways, its break-up 
into clay fractions (‘transition rock’, Figure 7) and the progressive milling into a pure 
‘clay gouge’ (Figure 7) with an approximate restoration of the entry pressures. The 
microstructural evolution (Figure 7), as well as the heterogeneous special 
distribution (Figure 2) of the lithotypes, suggests a complex permeability 
development within this lithology on the basis of mechanical processes. The main 
process involved in the evolution of these faults is mechanical fragmentation with 
only minor contribution by diagenetic changes or weathering. The large changes in 
the microstructures affect the mechanical strength, porosity and transport 
properties. This results in an early increase in porosity and a later decrease within 
distinct zones. Since the proposed lithotypes may coexist, brittle faulting of 
overconsolidated materials may lead to an early re-sealing within claystone sections, 
creating local barriers to along-fault fluid flow. The associated anisotropies in 
relative strength and transport properties may play an important role in the 
characterization of low-offset faults during the exhumation of siliclastic sedimentary 
basins.  
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3 The Faults and Fractures in the Mesozoic 
Carbonates of Jabal Shams, Oman Mountains – (I) 
Field observations on the evolution of a dynamic 
system1 
 
 
3.1 Abstract 
We studied an exhumed high-pressure cell in outcrops of 
Cretaceous carbonates on the southern flank of Jabal Shams in 
the Oman Mountains. This more than 2 km thick sediment pile 
contains reservoir and source rocks in north Oman and the 
United Arab Emirates. It develops a complex and rapidly 
changing anisotropy, due to mechanical stratigraphy and several 
generations of pervasive regional fault and fracture sets.  Calcite 
cement healed faults and fractures before the next sets are 
formed. 
Burial extension within a high fluid-pressure environment led to 
the formation of four fracture generations by an anticlockwise 
rotating stress field. This was followed by bedding parallel shear 
under lithostatic fluid pressure conditions at a temperature of 
134-221°C deduced from primary and pseudosecondary fluid 
inclusions in quartz. The high pressure cell was drained along 
dilatant normal faults that were also repeatedly cemented and 
reactivated.  
The rapidly changing mechanical anisotropy in combination with 
a chemically reactive system form a complex feedback system in 
which the mechanical strength, strain and the permeability 
undergo major changes in this coupled thermal, hydraulic, and 
mechanical (THM)  system. 
 
3.2 Introduction 
 
The Oman Mountains offer exceptional outcrop quality over large areas allowing 
access to structures at a variety of scales (Figure 1). Our study is located on the 
southern flank of Jabal Shams exposing Mesozoic carbonates with several 
generations of regional vein sets [1]. The structural inventory incorporates veins, 
joints and normal faults as a result of a multiphase deformation at a depth of several 
kilometers [1-6].  We carried out a detailed structural study in the field and 
interpreted satellite images [7] for a regional study of the meso-scale features and 
their spatial distribution.  The main aim of this study is to describe and classify the 
structural elements of the field area.  
                                                 
1 Marc Holland, Janos L. Urai, Philippe Muchez, Emanuel J. M. Willemse; 2009, Geoarabia Vol 
14, no 1. p. 57-110. 
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Figure 1- False color Landsat images illustrating the complex geology of the Oman Mountains 
(Images from Global Landcover Facility).  
 
 
These micro- and mesoscale field observations are used to obtain detailed structural 
analyses and the temporal sequence attempting to extend the work of Hilgers et al. 
[1] . The information is further more used to discuss aspects of TMH processes 
(Thermal, Mechanical and Hydraulic) in what we interpret as a high-pressure cell [8-
17].  
 
3.3 Geological Outline 
 
The study area is located on the southwest flank of Jabal Shams (Figures 2, Figure 3), 
the highest peak of the Jabal Akhdar domal structure. The Jabal Akhdar dome 
defines the central part of the Oman Mountains, which extend from the Musandam 
Peninsula in the north of the Sultanate of Oman south to the Batain coast in the 
southeast of the Sultanate (Figure 1).  
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Figure 2 - Landsat scene of the northeastern part of the Oman Mountains. Prominent 
elements are the high-grade metamorphic Saih Hatat culmination (eclogite facies) in the 
northeast and the low-grade metamorphic Jabal Akhdar domal structure.  Surface 
exposure of the Semail ophiolite is visible at many parts of the image. The white box on 
the southern flank of the Jabal Akhdar anticline marks the field area (Landsat ETM scene; 
Band 3,2,1 as RGB; pan-sharpened and manually stretched; NASA Landsat Program 2000) 
 
 
 This mountain belt is part of the Alpine-Himalayan chain that formed during 
northeast-directed subduction and accretion of the Arabic continental plate below 
the Eurasian plate [1-6, 18, 19]. Details of this major geodynamic event such as the 
extent and number of microplates, the timing of the deformation, the strain 
partitioning, the direction of the subduction as well as details on the exhumation are 
still subject of controversial discussions [3-6, 20-31].  
 
 
The orogenesis of the Oman Mountains started with the intra-oceanic subduction 
[32-35] in Cenomanian, which led to the emplacement of two major nappes [3, 5]. 
These nappes (called the ‘Allochthonous’) comprise the volcano-sedimentary 
Hawasina complex and the Semail Ophiolites as well as exotic blocks of distal origin 
(Figure 2) [3, 5, 6, 26, 36]. The so-called ‘Autochthon’ comprises the strata below 
these nappes that was deposited prior to the thrust sheet emplacement and 
consequently has been affected by the deformation.  
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 Figure 3 – (A) Simplified geological map of the greater area. Box of the study area superimposed 
together with interpreted faults. The lithology of interest spans primarily the Wasia Group with 
Ws1 (Nahr Umr Fm.) and Ws2 (Natih Fm.) as well as the Kahmah Group (Kh1-3). (B) Simplified 
stratigraphic column showing the lithology of the area together with the Semail and Hawasina 
nappes. Gray bar marks the studied formations. Map and column changed after Beurrier et al. 
[18]. 
 
The ‘NeoAutochthon’ defines the strata deposited after the nappes’ emplacement [3-
6, 20]. The field area exposes the youngest members of the autochthonous unit 
(Figure 2), which was deposited during the breakup of Gondwana on the passive 
margin of the Arabian Plate [3-6, 19, 37]. These units reflect a relatively continuous 
sedimentation in the region of the Oman Mountains [6, 37-39]. From Tithonian to 
Turonian a transition from a deepwater facies to an open-marine carbonate shelf and 
shallow marine carbonate platform took place forming the Kahmah Group and Wasia 
Group (Figure 4). These hold predominantly carbonates and minor shales [37-39]. 
The carbonate sequence (Kahmah and Wasia groups) was uplifted in response to the 
flexural bending of the foreland associated with the ongoing subduction. This uplift 
in Cenomanian-Turonian (the ‘Wasia-Aruma break’) is documented by incised valleys 
in the Natih Formation [6, 19, 40-43].  
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The subduction in the north led to shallow thrusting and the emplacement of the two 
nappes. The gravitational load induced renewed burial of the shelf carbonates and 
the deposition of the Aruma group until the 2.5 km thick carbonate stack was 
subsequently overthrust by the Hawasina and the Semail nappes (Figure 2). The 
southwest verging nappe emplacement ended either in the early Campanian or 
Maastrichtian [5, 6, 44] as the thrusting processes ceased when buoyant continental 
crust stopped the subduction process [e.g. 28, e.g. 45].  
 
The timing of uplift and folding of this part of the Oman Mountains is unclear and 
subject to a debate. Some claim that it is restricted to the late Cretaceous [e.g. 46, 
47], to the Tertiary [e.g. 5] or a two phase culmination and uplift in latest Cretaceous 
and middle Tertiary [6, 48]. The ongoing uplift due to the subduction beneath the 
Makran continental margin of Iran (Figure 1) leaves juvenile topography [49].  
 
The regional metamorphic grade in the Oman Mountains as a result of the collision 
and obduction rises towards the northeast with the highest grade exposed in the 
region of the Saih Hatat culmination (Figure 2) with carpholite, blueshist and eclogite 
facies rocks [3, 6, 24, 28, 29]. The southern flank of Jabal Shams as a distal part is 
however situated in the anchizone [3]. It shows incipient cleavage in argillaceous 
units and the onset of pressure solution processes in the carbonates [2, 3]. 
 
3.3.1 Location and conditions of the field area 
 
The field area is located in the Oman Mountains on the southern flank of its highest 
peak - Jabal Shams. Jabal Shams is a part of the Jabal Akhdar domal structure; one of 
several large anticlinal culminations in the Oman Mountains (Figure 1, 2, and 3).  
Our primary working area is 17.5 km in an east/west direction and 5.5 km in 
north/south direction, covering about 75 km2. Morphologically the area is located on 
the dip-slope of the southern limb of the Jabal Akhdar dome and cut by several deep 
canyons in a predominantly north/south direction. These sub-parallel cuts offer 
impressive vertical profiles of which the tallest section at Wadi Nakhr offers a 
continuous vertical exposure of approximately 1 km with rocks of the Wasia, 
Kahmah and Sahtan groups (Figures 3, 5, 6, 23 and 26a).  
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Figure 4 - Simplified lithological column of the strata exposed on the western wall of Wadi Nakhr 
showing the resistance to weathering as a measure for the relative strength. The stacking pattern 
impacts the cliff profile of many wadis (Simplified representation of the bed stacking; not to 
scale). 
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The good outcrop quality in the area is a result of massive flash floods from late 
Miocene to early Pleistocene [50] as well as the recent arid conditions. The 
differential erosion of ‘soft’ rocks leads to the exposure of predominantly competent 
units on the surface so that softer rocks are exposed only in profiles along the wadi 
walls (Figure 6). 
 
3.4 Lithostratigraphy 
 
The strata exposed in the study area are mainly mechanically competent carbonates 
with minor shaley intercalations belonging to the autochthonous Mesozoic Sahtan, 
Kahmah and Wasia groups of the Hajar Supergroup (Figures 3, 4 and 5) [4, 5, 18]. 
Outcrops of the younger Muti Formation of the Aruma Group can be found just 
outside the study area.  
The lithological column is exposed from the Rayda Formation (Berriasian) over Salil, 
Habshan, Lekhwair, Kharaib, Shu’aiba and Nahr Umr to the Natih Formation (Albian 
to Turonian) at the top [37, 38]. Spanning more than a kilometer, the complete 
column is exposed at the western wall of Wadi Nakhr (Figure 4, Figure 5). 
 
 
3.4.1 Sahtan Group 
 
The oldest strata exposed in the field area belong to the Sahtan group: Rust-brown 
shaley units of the Dhruma Formation and bluish carbonates of the Mafraq 
Formation are found in the cliffs of the deepest sections of the wadis and in a 
footwall section of a large fault in the northeast of the study area (Figures 4, Figure 
5) [38]. 
 
 
3.4.2 Kahmah Group 
 
More common throughout cliff and surface outcrops are however the Kahmah and 
the Wasia groups. The Kahmah Group is a thick carbonate sequence. In its upper 
part it holds a transition from deeper marine pelagic to shallow marine limestones 
[2, 38] interpreted as a “regressive mega-sequence” comprising a highstand systems 
tract [51]. It is the lateral equivalent of the economically important Thamama Group 
of the U.A.E. with some differences in the lower parts [37, 38, 51] 
Resistant to weathering and erosion the upper formations of the Kahmah Group 
make up the bulk of the surface exposures of the eastern part of the study area 
(Figure 3, Figure 6). 
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 Figure 5 - Collage of photos 
taken from the east flank of 
Wadi Nakhr with the complete 
lithological column exposed at 
the western Wall of the canyon 
more than 1,000 m tall.   Note 
how the stacking of the 
formations influences the cliff 
profile (View towards the W; 
perspective distortion applies 
36 
  
 
Rayda Formation  
The Rayda Formation as the oldest formation of the Kahmah Group can be 
recognized in the cliff profile by overlaying the steep cliffs of the subsequent Sahtan 
Group (Figure 5). The Rayda Formation forms prominent stacks of thinly bedded 
bright, porcellanitic limestones and argillaceous carbonates (Figure 25d) [2, 38]. It 
displays a condensed deep water unit with pelagic biota abundant in radiolaria [51] 
Its elements are similar in thickness forming a regular stack of thin predominantly 
weathering resistant beds. This formation is exposed in deeper parts of several 
wadis as well as on the northeast part in the footwall block of a major normal fault 
(Figure 25d, e).  
 
Salil Formation 
Compared to the regular bedding of the Rayda Formation, the overlying Salil 
Formation is more heterogeneous. The alternating thin limestones, argillaceous 
limestones and marls that dominate the Salil Formation are interpreted as a 
periplatform facies by Pratt and Smewing (1993) The differences in the weathering 
characteristics lead to an irregular cliff profile bound to the top by the “clean” 
carbonate of the Habshan Formation (Figures 4, 5 and 26b). 
 
Habshan Formation 
The Habshan Formation consists of predominantly bioclastic grainstones that form 
prominent, more than 100 m tall cliff faces in the lower Kahmah Group (Figure 5). 
The Habshan Formation can be easily recognized due to the weathering contrast to 
the under and overlying formations. Outcrops of the Habshan in the study area are 
limited to cliff faces. The Habshan Formation represents a regional platform 
carbonate [52] with massive beds. 
 
Lekhwair Formation 
The facies changes in the next younger Lekhwair Formation to heterogeneous bed 
assemblages (Figures 4, 5 and 26b). The Lekhwair Formation represents sedimentary 
cycles of three main facies comprising argillaceous limestones, marls but also 
cleaner wackestones and grainstones [38]. The meter to decimeter stacking pattern 
has a shallowing upward trend [52]. The relative strength of the individual materials 
as well as the thickness of the single beds strongly varies.  
 
Kharaib Formation 
An additional distinct cliff face is formed by the Kharaib Formation. Consisting of an 
essentially clean carbonate the Kharaib holds two almost equally sized massive beds 
(Figures 4, 5 and 27). It was deposited in a low angle carbonate ramp system in 
shallow water. Similar to the Shu’aiba the formation is characterized by the benthic 
foraminifera Orbitolina and abundant rudists [53]. 
 
Hawar Member and Shu’aiba Formation 
The few meter thick argillaceous carbonate of the Hawar Member is the mechanically 
weak interlayer separating the Kharaib cliff from the overlaying Shu’aiba cliff (Figures 
4, 5 and 6b): The Hawar member was interpreted as a protected lagoon facies by 
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Buchem et al., (2002). Its low resistance to weathering leads commonly to a gentle 
slope in the otherwise steep cliff faces of the underlying and overlying formations.  
The overlying Shu’aiba Formation in contrast consists of dominantly bioturbated 
packstone [51] and represents an aggradational carbonate platform [52]. The 
Shu’aiba’s resistance to weathering creates a homogeneous appearing cliff of 
approximately 100 m height (Figures 5, 6 and 23). This massive element is easily 
recognized in the overall cliff profile. The Shu’aiba Formation forms most of the 
surface outcrop in the eastern part of the field area. On a regional scale, the Shu’aiba 
Formation is a reservoir rock in the Middle East region and is therefore well 
characterized [53]. 
 
 
3.4.3 Wasia Group 
 
The Wasia Group (Figure 4) was deposited in shallow water conditions of a subtidal 
environment. It is described by some authors as highstand systems tracts after a 
transgression event that separates the two groups [51]. The Wasia’s contact to the 
lower Shu’aiba Formation consequently shows local evidence of subaerial exposure 
during the stratigraphic break [53]. 
 
Nahr Umr Formation 
The contact of the Kahmah and the younger Wasia Group is defined by the sharp 
contact of the Shu’aiba to the prominent Nahr Umr Formation (Figure 5, Figure 6b). 
The Nahr Umr is known as a prominent clay bearing seal for a number of reservoirs 
throughout the Middle East region, whereas the formation here comprises marls and 
argillaceous limestone with minor intercalations of more competent beds (Figures 5, 
6b and 23) [37, 38]. The depositional setting of this formation is described as a 
moderately deep shelf environment [51]. The Nahr Umr is one of the thickest 
formations exposed in the field area. Its low resistance to weathering however 
reduces the outcrops to a relatively small area protected from erosion by a footwall 
block of a major normal fault (Figure 6b). Other outcrops of this formation are 
limited to gentle slopes between the steep cliff faces of the overlying Natih and 
underlying Shu’aiba Formation (Figure 23). The slope exposures are however often 
covered by debris and provide limited structural information. 
 
Natih Formation 
The youngest strata within the field area belong to the massive Natih Formation 
(Figure 5, Figure 23). The Natih is several hundreds of meters thick and divided 
informal into subdivisions from ‘g’ at the base to ‘a’ at the top to indicate different 
members [38]. The Natih Formation consists of argillaceous wackestone, bioclastic 
packstone and grainstone deposited in a shallow shelf environment [51]. The 
members ‘e’ and ‘a/b’ form impressive cliffs of many 10’s of meters, whereas the ‘c’ 
and ‘d’ members are prone to erosion leading to gentle slopes. The bulk of the 
surface outcrops of the western part and the southernmost margin of the field area 
expose members of this formation. Its rather homogenous appearance in the field 
limits the ability to distinguish its members. 
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Figure 6 - (A) View across Wadi Nakhr towards the E with exposures of the Shu’aiba Formation. In 
the cliff profile the Hawar member and the Kharaib Formation are exposed as well as underlying 
formations. The height of the topmost Shu’aiba cliff is approximately 100 m. (B) More detailed 
view onto the Shu’aiba Formation exposed on the eastern flank of the mapping area. The dense 
fracture pattern is visible by slightly brighter streaks. In the distance are outcrops of the softer 
Nahr Umr Formation (View towards the E; thickness of the Shu’aiba Formation is approximately 
100 m). 
 
3.5 Methods 
 
In this study we used multispectral Landsat scenes as well as a high-resolution 
Quickbird satellite image that provided the basis for the field work in this study. 
From these data sets we interpreted the overall distribution of strata and the 
structural elements [7]. The fieldwork focused on the visit of pre-selected areas and 
transects. Structural measurements, overprinting relationships, macroscopic 
observations as well as the documentation of the surface and profile views with 
sketches and photographs were incorporated into a database. Micro- and macro 
scaled observations on the fracture population were carried out to derive the 
temporal  
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Figure 7 - Figure collection of outcrops with veins perpendicular to the bedding: (A) Isolated competent bed 
within the Nahr Umr Formation shows veins with apertures more than 10 cm. The layer-confined fractures 
have a spacing of approximately 2 m. (B) Small-scale layer confined veins in a small competent bed 
sandwiched between argillaceous materials. Note the short length of the features as well as their dense 
spacing. (C) View onto a bedding surface. The fractured patch is a remnant of the overlying layer. Although 
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relationship of structures (Figures 11, 14 and 18a). The observations on the intern
structure of the fractures and faults like offset relationships, fragmentation, and 
segmentation as well as the types of cement are vital to understand the temporal
relationships. The notation used in this study for strike directions
North/South striking features have a 000°, East/West 
 
al 
 
 are such, that 
a 090° and 
orthwest/Southeast striking features a 135° strike. 
 
Structural Elements 
e 
hairline fractures, joints, shear fractures and shear veins, 
eins and faults.  
If an isolated fracture has a very 
 
is 
en the in-plane movement 
s are easy to recognize in 
rface 
d on the 
ing 
lationships and fracture morphologies described in the following.  
 
ormation). 
this layer is intensively fractured, no fractures are found in the underlying material implying that brittle 
deformation occurred in the top layer and more ductile deformation is the lower layer. (D) Exposed carbonate 
bed with different sets of veins and joints.  Cementation, spacing and apertures differ between the different 
sets. (E) Profile view of layer-confined veins in competent units sandwiched between argillaceous units (coin 
for scale). (D) Overview of previous image showing differences in the spacing between neighboring layers 
(Natih Formation). (G) Bedding surface with systematic and non-systematic veins. The massive veins are sub-
parallel and differ in spacing among the different exposed beds in the middle left of the picture (Nahr Umr 
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3.6 
 
The emphasis of this study is the characterization of the structural elements, 
predominantly brittle deformation fractures and faults (Figure 6b) of which we find 
the fracture density throughout the entire field area to be very high [7]. The massiv
population incorporates 
v
 
We use the term fracture in a general sense to describe any discontinuity within a 
rock mass formed as a response to stress [54]. 
small “opening” component of less than a mm 
we use the term hairline fracture (Figure 30b). Systematic fractures with a pure
opening mode component are called joints and can be cemented (Figure 7) or 
uncemented (Figure 29). A clear distinction between joint and fault is not always 
possible as we observe reactivated joints and hybrid fractures [55]. The term vein 
used to generally describe a fracture filled with mineral [54] (Figure 7). If a shear 
component (a small in-plane movement) is present the feature is labeled as a shear 
fracture (Figure 8, Figure 9), whereas it is called fault wh
exceeds the aperture of the fracture by several factors. 
The vast majority of the fractures show an open-mode component, in most cases 
cemented with white calcite. As this bright cement forms a high optical contrast to 
the overall dark colored carbonates the cemented fracture
the field as well as on the Quickbird satellite image [56]. 
The observations incorporate satellite image interpretation and profile and su
data from virtually the entire area to form an extensive data set to study the 
orientation of the stress field [7]. The classification we use is however base
field observations using temporal relationships obtained by cross-cutt
re
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3.6.1 Veins, normal to bedding 
 
A prominent group of fractures comprises veins of different strike directions that are 
riented normal to the bedding. These predominantly dilatant fractures are 
emented with bright calcite. They are most frequent in massive carbonate beds. 
gy of the stylolites. This group is rare within 
e field area and found only in exposures of rocks of the Sahtan Group, exposed in 
e deepest sections of Wadi Nakhr.  
 
ual 
ctures 
 
 
 vein 
rs with similar thickness may have distinct 
t 
ing material of adjacent 
eds. The morphology and spacing pattern of this group is the most regular pattern 
mong the veins when observed in outcrop scale.  
 
rallel to regular veins (Figure 8c, e). In the 
latter case the shear-veins are more pronounced due to larger apertures and longer 
traces as opposed to the other veins.  
o
c
 
 
Veins in vertical segments of stylolites 
One group of veins is formed in the steep limbs of stylolites. Described in detail by 
Hilgers et. al (2006a), these bedding perpendicular veins have rather small 
dimensions, dictated by the morpholo
th
th
 
 
Veins with straight segments 
A more common type of vein is characterized by straight segments and apertures 
that can be as large as 10 cm (Figure 7). These veins are filled with coarse-crystalline
calcite cement. Thick veins of this group are commonly sub-parallel to each other 
and up to few 10’s of meters long. The majority of these veins are found in massive 
carbonate beds that are intercalated in weaker strata (Figure 7b) such as individ
competent layers in the Nahr Umr Formation.  The vertical dimension of the fra
is in many cases limited to the bed thickness as they terminate at the bedding
interfaces. Within a single bed the spacing of these veins appears to be rather 
constant (Figure 7a), whereas the spacing in the adjacent layers can be much 
different (Figure 7c, e, f), even if they are similar in thickness. The same applies for
the apertures of the veins, suggesting that there is no consistent relationship of
spacing to the bed thickness [57]. Laye
fracture patterns as e.g. spacing may differ by a factor five among similar beds 
within a single outcrop (Figure 7e, f).  
The veins of this group are entirely cemented with white calcite, forming blocky 
crystals. In some veins broken lensoid host rock fragments are embedded in the 
cement (Figure 9a). The cement of these regular veins is predominantly white bu
occasionally colored yellowish on the scale of an outcrop. The latter may be a result 
of a later staining, e.g. due to the weathering of Fe-bear
b
a
 
 
Shear veins 
A range of different vein terminations was identified. Some veins have straight 
segments over a large length but terminate with splays, wing cracks or they transfer 
into en-échelon segments (Figure 8). This proves the presence of an additional in-
plane displacement component. Although these shear veins may form regular arrays
they are commonly solitary structures pa
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Figure 8 - Unsystematic veins occur either in bundles or in an isolated manner: The cemented 
features commonly have long continuous, linear segments. Terminations are commonly splays, 
branches or en-échelon segments indicating in plane movement. (A) Long linear veins with 
variance in spacing. (B) Branching vein network with massive apertures along individual strands. 
(C) Linear vein segment with splays at its termination. Note the presence of subparallel hairline 
fractures. (D) Complex vein network on polished surface with multiple strike directions. (E) 
Massive vein subparallel to hairline fractures with en-échelon termination. (F) Vein arrays with 
braided terminations. 
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Figure 9 - Variations on the vein’s internal structures and the vein’s morphology: (A) Embedded 
rock fragments in a massive vein indicative of repeated stages of failure and healing. (B) Two 
small linear vein segments with abundant splay fractures indicating a dextral component. (C) 
Linear array of riedel structures (Shoe tip for scale). (D) Conjugate set of riedel structures (Coin 
for scale). (E) The feathered fractures at the terminations of these riedels indicate multiple 
fracture and healing phases (Pen for scale). 
 
The larger aperture veins of this group are not necessarily stratabound; they can cut 
across several beds. The cement of these veins is similar to the previously described 
type: White blocky calcite with common inclusions of host rock flakes.  
 
 
Branching and braided systems 
Branching and braided systems of joints form another group, found usually within a 
sub-parallel population of more regular distributed veins or cemented hairline 
fractures (Figure 8b, d, f). The apertures of the braided veins are in the order of 
centimeters or smaller. The cement of the braided system is similar to the blocky 
cement described earlier. Due to the braided character the spacing and the aperture 
of the irregular veins are highly variable (Figure 8d, f). This group shows – as an 
effect of the branching – variances in strike directions as well as non-linear 
segments. The fracture walls are less regular as compared to the previous groups. 
 
A significant increase in complexity within this group is seen in some cases at step-
over segments between adjacent fractures. Here the veins are broken down into 
numerous small strands (Figure 8f, Figure 9e). Similar shapes are seen at vein 
terminations, as the vein may feather into arrays of irregular shaped strands. The 
termination may also gradually taper into the rock. 
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Figure 10 - Directional statistics on the joint population as derived from the satellite image: (Left) 
Rose diagram displaying the four main strike directions. (Middle) Directional plot of the 
maximum length shows significantly longer joints in the 130°-140° strike direction, which could 
indicate an overlap of faults and joints. (Right) Directional plot of the mean joint length. 
 
En-échelon systems 
The en-échelon veins form separate systems in a more organized fashion. The 
individual en-échelon segments are commonly aligned over distances of several 
meters (Figure 8e, Figure 9c). These segments may form isolated strands or 
conjugate sets of strands (Figure 9d) both in the horizontal as well as in the vertical 
direction. The aperture of the individual segments rarely exceeds 3 cm.  
 
3.6.1.1 Joint orientations 
 
The orientation of the previously described veins were measured in the field and 
interpreted on the satellite image [7]. Plotted into a rose diagram a distribution into 
four major groups is apparent. The mean strike directions of the groups are 
approximately 000°, 045°, 090° and 130° (Figure 10) 
 
The 130° striking fracture set is the most prominent on the satellite image and in the 
field. Sub-parallel straight joints and cemented hairline fractures commonly belong 
to this group also having the longest fracture traces. In contrast the 000° and 090° 
sets display the sharpest distribution. The 000° set is however commonly altered as 
the fracture commonly strike down-slope leading to preferential physical erosion of 
this group.     
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 Figure 11 - Examples for overprinting 
relationships: (A) A thin vein striking 
approximately 045º offsets two 130º 
striking veins. (B) Clear overprinting 
relationships on this outcrop due to the 
offset of numerous veins. (C) Example 
of surface outcrop with three visible 
joint directions. 
 
3.6.1.2 Overprinting relations 
 
A relative chronology of the fractures perpendicular to the bedding is not always 
entirely clear (Figures 11, Figure 12): Abutting is not observed among all systematic 
veins and the cross-cutting relationships are not always easy to interpret (Figure 12). 
Curving of a fracture set towards other sets was not observed in the field area. Since 
the temporal relationship cannot be based on abutting we used offset relationships 
along shear veins and the relationship of crosscutting cements to determine the 
chronological order (Figure 11, Figure 12). The offset across shear veins is 
unambiguous. The cement generations are more difficult to interpret (Figure 12a):  
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Figure 12 - Example of unclear overprinting relationships: (A) Two veins cut each other. Even at 
higher magnification it is not clear which fracture predates the other. The brighter cement of the 
horizontal fracture is continuous but at the same time the reddish rim of the vertical vein can be 
seen in the intersection. (B) This effect could be explained by preferential cementation that 
mimics the material of the wall (lower case). (C) Example of another unclear overprinting 
relationship: The bounding white rims of the horizontal vein are continuous. In the intersection 
however are remnants of the oblique vein. 
 
 
If a rock body with veins is fractured and filled with a homogenous material that is 
optically distinct from the previous veins the relationship is easy to recognize (Figure 
12b). It seems however, that some newly cemented fractures show an effect, where 
the precipitated material mimics the fracture walls. This heterogeneous precipitation 
makes it in some cases difficult to determine the temporal relationship (Figure 12b). 
Figure 12a shows such an example. At first glance at the overview picture the white 
horizontal vein seems to cut the vertical one. The detailed view in Figure 12a shows 
however that the reddish rim of the vertical vein is continuous contradicting the first 
observation. A robust distinction is in this case not possible. Similar examples are 
common among the veins sets and may easily lead to a misinterpretation of the 
relative chronology. 
 
We determined the offset relationships of the joints from photographs and field 
observations displayed in Figure 13. Listed per line, the upper part of the figure 
shows measurements on photographs the lower part those of field measurements.  
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Figure 13 - Table to organize the temporal overprinting relationships of the veins derived from 
more than 40 outcrops. The individual outcrops are listed by row (A). The relative age is 
presented by three colors in strike bins of 10°.  ‘O’ indicates if an offset is apparent. Since more 
absolute groups are present than relative groups a second figure is necessary for the absolute 
temporal relationship: (B) The order of the left figure is maintained but more classes are 
introduced. Five absolute classes are necessary for a consistent pattern. Its temporal relationship 
suggests the 000° class to be oldest, followed by the 130° set, the 90-100° set and the 045° set. 
The red color shows the youngest set to be scattered into different strike directions (See text for 
details). 
 
The fracture strike readings of an outcrop are plotted per row into the graph with a 
color marker in the corresponding strike column. 
The observations from one outcrop pertain two or three generations of fractures at 
the same time at most. The relative succession or generation of fractures within the  
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Figure 14 - The bedding perpendicular veins (d1) are cut and offset by layer parallel veins. The 
latter are heavily cemented with bright calcite (Pocket knife for scale; outcrop in Wadi Nakhr). 
 
 
individual outcrops is shown in the left part of Figure 13. Colors indicate the relative 
age, while the location/column of the colored patches shows the strike direction of 
the corresponding fracture.  
None of the studied outcrops displays all generations necessary to define a 
consistent temporal relation. For this purpose the second part (Figure 13b) uses five 
instead of three age classes. The five classes use the same relative chronology but a 
different grouping resulting in much more ordered pattern.  
Based on this division the oldest veins commonly strike in the 000º direction (Figure 
13, dark green). The second set is striking into the 130º direction followed by the 
090º and then the 045º directions. Offset is common within the latter two groups 
marked with the letter ‘o’. The youngest members (Figure 13b, red) are distributed 
among all the previous groups and might represent reactivation features or 
interpretation errors.  
 
 
3.6.2 Bedding parallel veins 
 
Non-stratabound veins of the previously described set are overprinted by shear 
zones parallel to the bedding (Figure 14). Striations and offset relationships indicate 
a top east and top to north movement [2, 3, 6, 20]. The overall distribution of these 
shear zones within the vertical column is rather heterogeneous. It is developed 
locally either on the interface of competent layers or within the incompetent layers 
themselves.  
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Figure 15 - Features of the bedding parallel shear all with a top to N movement. Marked images are 
mirrored for dextral impression: (A) Horizontal pull-apart structures due to bedding parallel shear along 
an irregular clay seam of an incipient stylolite. Image is mirrored to for dextral shear. (B) Stack of 
cemented segments formed within horizontal pull-apart. (C) Array of pinch-and-swell veins in an 
argillaceous unit with the development of cleavage. (D) Close-up image of the latter formation. (E) This 
clay unit localizes the strain; note the boudinage of the overlying carbonate. (F) Close-up image of the 
latter with sigmoidal Qz clasts and intense deformation. (G) S/C textures within clay rich unit. (H) Heavily 
deformed and cemented deformation zone within a horizontal shear zone. Image is approx. 70 cm across. 
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Figure 16 – Fluid 
inclusion analysis 
on a subset of 
samples suggests 
high precipitation 
temperatures. 
 
 
 
Shear at bedding interfaces 
Bedding interfaces in many stratigraphic levels acted as slip planes where blocky 
calcite formed layer-parallel veins up to several centimeters thick (Figure 14, Figure 
15b). In other cases, these veins are fibrous, with quartz and calcite fibres, indicating 
a different mode of precipitation. These sub-horizontal veins have offset 
relationships and sense of shear indicators with a top to north to top to east [1, 2, 
20]. Local imbrications of these veins are found as well as the incorporation of host 
rock fragments that are oriented parallel to the bedding (Figure 15, Figure 18a). 
Locally the shear movement is also observed along more irregular bedding surfaces 
or along the clay seams of incipient stylolites (Figure 15a). The slip on these irregular 
surfaces leads to the formation of dilatant jogs [58]. The jogs are cemented and hold 
embedded host rocks fragments (Figure 15a, b). The formation of these slip planes 
at bedding interface is commonly linked to cleaner carbonate beds, whereas the 
argillaceous beds tend to localize the slip within the beds themselves. 
 
 
Shear within beds 
Within argillaceous units (Figure 15c-h) the bedding-parallel shear develops 
additional deformation structures. The clay rich layers may form s/c textures (Figure 
15g) or disjunctive cleavage (Figure 15c, d). Additional elements of the shear zones 
include sigmoidal clasts incorporating quartz (Figure 15e, f), pyrite cubes with 
pressure shadows, as well as rotated pinch and swell veins (Figure 15c, d). Although 
the strain is largely concentrated in the argillaceous layers overlying more competent 
layers may locally show boudinage (Figure 15e, f). 
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Figure 17 - Fault map of the mapping area with markers for the estimated offset. Two major 
faults (shaded) cut the field area in the eastern part with several hundred meters offset. The 
majority of the faults have much smaller offsets (UTM-40N, WGS-84; grid spacing is 5,000 m) 
 
Most of the layer parallel shear was observed in the profiles of the central Wadi 
Nakhr within the lower part of the stratigraphic column as well as in the topmost 
Natih Formation. The localization within the column seems to be influenced by the 
layer succession: Pure carbonate stacks commonly develop multiple shear beds at 
the interfaces of the layers (Figure 15a, b), whereas argillaceous members localize 
the deformation stronger towards single planes resulting in a higher degree of 
damage. 
We performed detailed analysis of fluid inclusions [59] in vein-filling quartz from 
samples of the shear zones which show homogenization temperatures from 84°-141° 
Celsius (Figure 16). These temperatures are not pressure-corrected. Accounting for 
3-5 km overburden, temperatures from 134°-221° Celsius seem valid. The appendix 
discusses the methodology of the measurements in detail.  
 
 
3.6.3 Normal Faults 
 
The study area exposes a large number of normal faults with offsets up to 
approximately 500 m (Figure 17). Although these are predominantly normal faults, 
oblique slickensides are commonly observed indicating strike-slip components [1, 2, 
6, 20, 60] On the cemented fault planes striations from several generations as well 
as different directions indicate a complex history. 
The vertical offset on the faults reaches up to several hundreds of meters as 
estimated for the largest fault in the northeastern part of the field area.  
A temporal relationship of the normal faults to the previously described structures is 
derived from outcrops in Wadi Nakhr, where a number of small offset normal faults 
cut and offset the layer parallel shear veins (Figure 18a). 
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Figure 18 - Low offset normal faults and associated structures: (A) Normal fault cutting the 
bedding parallel veins. The fault plane is cemented. (B) Aligned tension gashes show nucleation 
of incipient faulting. (C) Tension gashes in a normal fault indicate the transition from brittle to 
ductile deformation. (D) Conjugate set of cemented fractures as a precursor of fault nucleation. 
(E) Reactivation of joints as a sign for fault nucleation in an area with a distinct mechanical 
anisotropy. (D) Dilatant jog as a result of fault plane refraction. 
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The fault orientation from the interpretation of the satellite image [7] shows a 
prevailing strike of the fault segments from 090° to 120°. The directions of these 
mature faults are sub-parallel to the fold axis of the Jabal Akhdar dome. In the 
following section we describe and discuss the faults divided into groups related to 
the throw magnitude. 
 
3.6.3.1 Incipient faults (throw < 0.5 m) 
 
The non-systematic joints perpendicular to the bedding striking 090° and 130° and 
incipient faults closely relate to each other (Figure 18e). Both the joints and the 
faults have an identical strike direction. Both are largely dilatant and both features 
are cemented limiting a clear distinction. With fault nucleating along the joints, the 
steep joint segments within the competent units become interconnected and 
increased throw forms trough-going fault strands. These strands commonly refract 
at bedding interfaces [55, 61]. Observed in thinly bedded units the incipient faults 
with up to a few centimeters throw may develop dilatant jogs (Figure 18f) [55, 61], 
which are - similar to the joints - entirely filled with coarse-grained cement.  
Other structures in incipient faults are tension gashes (Figure 18b, c) or en-échelon 
segments and conjugate sets (Figure 18b, d). These structures indicate the 
reactivation of previous structures or the impact of a mechanical anisotropy within 
the system. The en-échelon systems are commonly observed in massive carbonate 
beds closely associated with normal fault zones. The en-échelon structures form in 
some cases as conjugate sets (Figure 18 b, d) and are commonly found in zones of 
low displacement. With progressive offset these structures form normal faults. 
 
 
3.6.3.2 Small to medium offset faults (0.5 to 10 m throw) 
 
With larger offsets in the order of 0.5 to 10 m the internal structure of the fault zone 
changes. The two end members of this group can be described as follows:  
 
Fault segments with “localized” displacement 
Often observed in profile view, medium offset normal faults have sharp linear fault 
planes as the first end-member (Figure 19). These straight segments are 
predominantly exposed in massive cliff sections. The fault cores of these sections 
are commonly narrow; they are cemented and show intense fragmentation of the 
cement. Embedded fragments consist of blocky calcite or broken calcite 
rhombohedra. With more intense fragmentation the fault core can hold calcite-
cemented breccias (Figure 19b).  
In contrast to the uniform white calcite cement of the previously described veins, the 
cement of the faults can have brown, gray, yellow or red colors suggesting other 
genetic conditions or other fluid sources [1].  
54 
  
 
 
Figure 19 - Intermediate offset faults: (A) Normal fault with a sharply localized fault plane. (B) 
Detailed view of the latter with person for scale. (C, D) Normal fault with a sharply localized fault 
plane. The detailed view shows an increased degree of damage in the strong layers as the fault 
splays at the interface to weaker layers. (E) Steeply dipping fault with sharp localization. (F) Fault 
cutting the Natih Formation changes from a single strand system to a braided system within the 
central interbedded section. 
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Figure 20 - Normal fault systems with wide deformation zones: (A) This fault has a thick fault 
core with a well-defined breccia in which the throw is localized. Some deformation is however 
distributed to neighboring joint planes or veins. Red discoloring is present among some of the 
strands. (B, D, E) Massive deformation zone of a medium offset fault. Strain is largely delocalized 
to form a complex network of fractures using some of the preexisting joint planes. (C) Fault zone 
with intense fragmentation and cementation. 
 
Incorporated host rock and angular cement fragments are common within the fault’s 
cement (Figure 21). With this end-member the fault core (zone with fragmentation 
and cementation) is usually a few centimeters to 10’s of centimeters thick 
concentrating the throw. This leaves the damage zone very narrow, as the 
surrounding host rock remains virtually intact.  
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Figure 21 - Detailed images of fault structures: (A) Broken and re-cemented calcite crystals 
forming a breccia with dark host rock fragments and reddish cement. (Scale with centimeter 
increments). (B) Small normal fault with multiple cement materials. (C) Dextral shear vein with 
blocky calcite in the central part documenting a stage with a massive open-mode component. (D) 
Thick cemented zone with numerous embedded rock flakes indicating repeated failure and 
healing stages. 
 
 
Fault segments with “distributed” throw 
In plane view on competent carbonate beds another kind of morphology is common 
(Figure 20). Here the fault throw seems to be distributed over a wider zone 
comprising an anastomosing network of fractures or a fracture corridor. Some times 
single strand may concentrate the throw and show characteristics of a fault core 
accompanied by a large number of associated fractures that define a wide 
deformation zone (Figure 20a). The fault core strands have larger apertures 
compared to the other fractures in the system as well as a larger degree of damage 
and greater variety in color. The aperture of the fractures can be several 10’s of 
centimeters, filled with calcite cement.  
The major fault strands of such a zone run sub-parallel and may branch to 
interconnect gradually with the less prominent fractures of the accompanied 
deformation zone (Figure 20b, d, e).  The latter fractures of the deformation zone 
have smaller apertures and white blocky calcite cement without the discoloring or 
the intense fragmentation (Figure 20a). These fractures are formed predominantly in 
the direction of the previously described joints. The spacing of the fractures within 
the “fault corridor” is dense and irregular. Shear indicators and reactivation features 
are frequently present. These incorporate splays and horsetail fractures, en-échelon 
segments, riedel structures and conjugate sets of riedels. Flakes of host rock 
material are also found throughout these sets (Figure 21).  
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 Figure 22 – (A, B) Along the traces of 
medium faults we find zones with poor 
outcrop conditions that expose massive 
calcite rhombohedra with more than half 
a meter length. The mostly idiomorphic 
crystals commonly show color zonations 
and occasionally stylolites. (C) Massive 
cemented block in a normal fault 
segment of a small graben system. 
 
Calcite Rhombohedra 
Indirectly associated with these intermediate fault zones are occurrences of large 
calcite rhombohedra (Figure 22), which we find along the traces of such faults. These 
massive idiomorphic crystals with lengths of more than 60 cm are found in different 
parts of the field area. The rhombohedra commonly have different zonation of clear 
calcite, yellow, white or gray colors. In some specimens stylolites developed parallel 
to the crystal shape.  
 
58 
  
 
 
Figure 23 - View across Wadi Nakhr onto the western cliff face exposes the southern major fault. 
With a single horst structure at the base (Shu’aiba and Kharaib formations), the fault segments 
into a number of horst and graben structures in the Natih Formation at the surface. The 
intercalated Nahr Umr Formation shows less defined fault planes (View to W; cliff face is approx. 
400-500 m tall). 
 
3.6.3.3 Large Offset Faults 
 
The largest vertical offsets are observed at two major fault zones, one in the 
northeast and one in the southeast of the study area (Figure 17). Both fault systems 
strike approximately 100° to 110° and are oriented sub-parallel to the fold axis of 
the Jabal Akhdar domal structure. The largest stratigraphic offsets within the study 
area are at the eastern boundary and are in the order of several 100’s of meters, 
diminishing towards the west.  
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 Figure 24- Road cut exposure in the E of the field 
area exposing the deformation zone of the 
southern fault. A clay rich zone of few 10’s of 
meters is intensively deformed and mixed as this 
section offsets the Natih against the Shu’aiba 
formation. Presumably the material belongs to the 
intercalated Nahr Umr Formation (View to W). 
 
 
 
The Southern Fault 
One of the two major fault systems is exposed in the southern part of the field area.   
In the surface exposures in the eastern part of this southern fault zone the Natih 
Formation is offset against the Shu’aiba and Nahr Umr formations. The throw is 
mainly localized in a major fault zone until it crosses Wadi Nakhr and branches 
towards a number of strands on the western side of the canyon (Figure 17, Figure 
23). The throw is distributed and the total offset diminishes towards the west where 
the southern fault dies out.  
In a profile view exposed at the Wadi Nakhr’s western wall the fault system is 
characterized by a prominent horst and graben assemblages (Figure 23). A major 
horst structure can be seen in the deeper lying Kahmah Group. The throw 
distribution is more complex in the upper Natih Formation where the fault zone is 
spread to an array of horst and graben structures. The Nahr Umr Formation in-
between forms more a monocline rather than an array of faults.  
The general outcrop conditions in the east along this major fault zone are poor due 
to the easily eroded Nahr Umr Formation exposed or offset by this fault. 
Numerous wadis pond against the Natih Formation on the hanging wall block and 
accumulate soil and debris onto the eroded fault zone. Some wadis are redirected by 
the fault, cutting deep into the exposed Nahr Umr Formation or cut into the fault 
zone itself. Some sections in the eastern part of the fault are however preserved and 
exposed along a road cut (Figure 24). Here a fault zone with extensive deformation 
is several 10’s of meters wide. The massive zone is made of a heterogeneous 
assembly of competent material “floating” in a clay-rich matrix; Material probably 
derived from the argillaceous Nahr Umr Formation. The high degree of damage is 
linked to discoloring in reddish and yellowish colors. 
 
60 
  
 
Figure 25 - Images related to the northern major fault: (A) Topographic ridge consists entirely of 
the massively cemented deformation zone of the northern fault. (B) View along the backside of the 
deformation zone. Note that the background shows the drag folds of the Rayda Formation where no 
weathering resistant ridge is developed. (C) View towards the W onto the massive deformation zone 
of the northern fault. The zone of drag folds and large deformation is some 10’s of meters wide. 
Note how the density of the vegetation increases within this zone suggesting a higher permeability 
and loose substrate. (D) Drag fold of the Rayda Formation at the northern fault. (E) Quickbird subset 
to indicate the location of the images (UTM-40N, WGS-84). 
 
The Large Northern Fault 
The other major fault zone is sub-parallel and exposed a few kilometers to the north 
(Figure 17). This fault has the largest offset at the eastern boundary diminishing the 
throw towards the west, where it seems to bifurcate into another system. Surface 
exposures in the east show the Kahmah Group offset against itself or against 
formations of the Sahtan Group (Figure 3, Figure 25).  
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Figure 26- Multidimensional image set on the northern major fault on the W-wall of Wadi Nakhr (A). The 
normal fault has an offset of approx. 60 m branching to a few strands in the bottom part (B). Here (C) 
the fault shows sub-parallel fault planes, rotating blocks, deformed intercalated layers with drag folds 
and intense fragmentation. (D) Person for scale in the right fault strand. 
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Figure 27 - Interpreted cliff exposure of the faults of the northern fault zone exposed at the 
western wall of Wadi Nakhr. The vertical exposure spans several formations. The fault system 
has straight segment where the thick stack of the Shu’aiba and Kharaib formations are offset 
against each other and splays towards the contact to the upper Nahr Umr Formation, which 
deforms more like a monocline (Perspective distortion applies; see Figure 4  for formation 
thicknesses’). 
 
With the fault zone being located in more competent layers the deformation zone is 
narrower as compared to the southern fault. 
The fault core in the eastern part consists of a heavily damaged and cemented zone 
of several meters width (Figure 25). With a higher resistance to weathering, the fault 
core forms a topographic ridge locally more than 6 m tall (Figure 25a). Profile views 
on the large-offset section in the eastern part of the fault show a wide fault core 
spanning the entire exposed profile (Figure 25c, d). Figure 25d displays in contrast 
 63 
massive drag folds that are formed in the thin interbedded sequence of the Rayda 
Formation exposed in the footwall block.  
Towards the west the fault zone branches more prominently and the size of the fault 
cores diminish. The anatomizing character leads to a dense network of cemented 
fractures forming a wider damage zone within this fault system.  
Towards Wadi Nakhr the major faults splits at the surface into smaller strands with 
offsets in the order of several ten’s of meters as observed in the 1 km tall profile at 
the western wall of the canyon (Figure 26, Figure 27). Similar to the profile of the 
southern fault the Nahr Umr Formation deforms by forming a monocline (Figure 23, 
Figure 27). Underneath throw is localized to single fault planes in the thick carbonate 
layers of the Kahmah Group. Within the uppermost section of the Kahmah Group the 
single-strand fault splays towards the contact to the Nahr Umr to translate into the 
monocline structure (Figure 27). 
 
 
3.6.4 Ramp Structures 
 
Compression-related structures like ramps and duplexes that are northwest directed 
are described by several authors in the surrounding areas [1-3, 6, 20]. These are 
reported to overprint the normal faults that are previously described. Within our field 
area we find only one example of a duplex structure (Figure 28), which is however 
directed southwest. Located within the Natih Formation on the southern part of the 
field area the isolated structure forms a topographic ridge that can be traced a few 
kilometers. The ridge is oriented parallel to the slope and therefore parallel to the 
fold axis of the Jabal Akhdar dome (Figure 28c). The temporal relationship as well as 
the significance of this duplex structure remains unclear, as we did not study this 
structure in detail yet. The jointing pattern within the ramp remains normal to the 
bedding suggesting that the ramp was formed after the formation of the veins. More 
work is needed to put this southwest directed ramp into the context of the structural 
framework. 
 
 
3.6.5 Uncemented and partly cemented joints 
  
In addition to the cemented fractures the area exposes a large amount of 
uncemented or partly cemented joints observed in profile view as well as in plane 
view (Figure 29). The orientation of these fractures is identical to the group of 
cemented joints that are approximately normal to the bedding as they encompass all 
four strike directions.  
In places where this jointing is developed systematically, the spacing of the joints is 
smaller than compared to the spacing of its massive cemented counterparts. Plane-
view observations display dense joint patches (Figure 29, Figure 30).  
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Figure 28- (A, B) Small-
scaled ramp structure on 
the southern flank of the 
anticline. The ramp forms a 
topographic ridge, which 
can be traced a few hundred 
meters (Both views are to 
the SE). Presumably the 
entire ridge is formed by 
this ramp (Aerial photo 
draped on DEM; image is 
approximately 2 km wide; 
data kindly provided by 
Petroleum Development 
Oman). 
 
  
Within the heterogeneously distributed patches the spacing can be as little as a few 
centimeters. Abutting within the patches is present but without a clear relationship 
suggesting that the joints were formed simultaneously (Figure 29, Figure 30).  
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Figure 29- Partly cemented and uncemented joints. Within the field area a large number of joints 
with no or only little cement is found. Abutting is common among these fractures. The strike 
directions correspond to the early veins. (A) Irregular joint set with different strike directions in a 
carbonate bed with cemented fractures. (B) Cliff exposures with intense jointing in virtually every 
layer. Note that the spacing is smaller as the bed thickness. (C) Orthogonal joint set of only two 
strike directions. (D) Densely jointed cliff faces. (E) Patch with high joint density. Note three 
dominant strike directions and the remnants of cement. (F) Outcrop surface with dense joint 
pattern with three strike directions (View to the W). 
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Figure 30 - (A) Within 
some of the high-density 
joint patches remnants of 
cement are found. (B) The 
irregular patches in this 
case are accompanied 
with deeper lying beds 
that are not jointed. In the 
latter material cemented 
hairline fractures suggest 
that the overlying joints 
are formed exclusively by 
dissolution or insolation. 
 
3.6.6 Faulted fluvial deposits 
 
An additional stage of fracturing is evident by small-scale offsets observed in the 
cemented gravels of fluvial terraces within Wadi Nakhr indicating recent tectonic 
activity (Figure 31). The observed fracture network strikes approximately in a 
north/south direction following the orientation of the large canyon.  
 
 
3.7 Interpretation of the field data 
 
This carbonate stack of the Autochthonous shows evidence for a multiphase 
deformation visible by different sets of fractures and deformation structures.  
 
3.7.1 Vein sets normal to bedding (d1) 
 
The first generation of structures are veins normal to bedding (Figures 33b-e, 7 and 
8), with large apertures and mostly clean blocky calcite cement. Fibrous veins that 
could indicate a slow fracture opening were not found. The blocky calcite suggests 
that the calcite precipitated in open voids.  
 
Abutting was never observed among veins of this group and none of the fractures 
are systematically curved. This indicates that cementation healed the fractured rock 
repeatedly, restoring most of its mechanical strength prior to the next fracturing 
event. A cyclic fracturing-healing model is suggested as a mechanism to produce 
joint spacings much smaller than bedding thickness (Figure 7). We interpret that 
these super-saturated beds were formed by many different stages of fracturing and 
healing rather than in a single event. An alternative explanation of the formation of 
the joints involves large differential stresses. The conditions of such an environment 
would promote the lack of mechanical interaction such as curving as well. 
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Figure 31 - Neotectonic features: (A) Fracture cut the cemented terraces in Wadi Nakhr indicating 
recent tectonic movement. (B) The orientation of the fractures corresponds with the axis of Wadi 
Nakhr, suggesting that the formation of this large valley was dictated by these fracture systems. 
 
 
The age relationships of in total four strike direction classes are reasonably 
consistent. We interpret the data presented in Figure 13 on overprinting 
relationships from 42 outcrops. It implies four vein generations of which the oldest 
strikes north/south. This set is overprinted by the most prominent set that strikes 
approximately northwest/southeast dominated by long, wide and straight veins. This 
in turn is overprinted by an east/west striking and then a northeast/southwest 
striking group. The east/west striking group commonly offsets older veins and is 
interpreted to be partly reactivated by the normal faulting processes at a later stage. 
The systematic anticlockwise rotation of progressively younger veins is interpreted 
to represent a corresponding rotation of the minimum principle stress, from 
east/west, to northeast/southwest, to north/south towards northwest/southeast by 
in total 135˚. Since the age relationship presented in this study is based only on a 
small sample size (<50 outcrops) a second interpretation cannot be ruled out yet. 
The four fracture groups may alternatively form conjugate sets. Grouping the 
north/south and east/west as one set and the northwest/southeast and 
northeast/southwest as the other would relate to a 45˚ rotation of the minimum 
principle stress. To test the latter case a much larger regional study on the 
overprinting relationships is required.  
The apertures and spacing of the straight, sub-parallel veins are reasonably 
consistent within one layer on the scale of an outcrop, but can be quite different in 
neighboring layers of equal thickness (Figure 7e) suggesting that layer thickness is 
not the only parameter controlling the spacing and aperture. Additional parameters 
could be (i) tensile strength of the layer, (ii) rheological contrast to neighboring weak 
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layers, (iii) permeability structure of the system to affect the buildup and release of 
local fluid pressures [11, 57, 62-67] 
Many of the veins contain indicators for repeated fracturing and sealing, under 
progressively changing stress (Figure 9). Wall rock flakes are commonly embedded in 
the veins, with their long axis predominantly parallel to the vein wall in agreement 
with the model of a fast restoration of the strength (Holland et al. in preparation). 
 
The orientation of the fractures perpendicular to the bedding as well as the 
prominent open-mode component indicates that the veins have formed in response 
to low differential stresses and tensile minimum effective stress.  
 
3.7.2 Duplex structures (d*) 
 
The surface exposure of the duplex structure (Figure 33f, Figure 28) on the southern 
flank needs more study. We interpret this ramp to postdate the bedding 
perpendicular veins as these are rotated by the ramp. 
 
 
3.7.3 Structures parallel to bedding (d2) 
 
Veins and deformation structures that are sub parallel to bedding (Figure 33g, Figure 
14) overprint those that are perpendicular, indicating a change of the stress field. 
Fluid pressures close to lithostatic, were proposed for this phase by Hilgers et al. 
(2006a). The strain accumulated in this stage is partitioned heterogeneously in the 
vertical column. Argillaceous units and bedding interfaces tend to localize strain 
(Figure 15). In contrast to the southwest-directed emplacement of the Hawasina and 
Semail ophiolite, the striations, S/C textures, the rotation of pinch-and-swell veins as 
well as offsets all document a top to north, and top to east movement [2, 3, 6, 20] 
The cleavage seen within the argillaceous units indicates the transition towards 
ductile behavior. 
 
3.7.4 Normal faulting (d3) 
 
Small offset normal faults exposed in the walls of Wadi Nakhr overprint the veins, 
indicating another major change of the stress field (Figure 33h, Figure 18). The 
faults commonly start with arrays of en-échelon veins, a prominent opening-mode 
component and massive cementation, pointing to high fluid pressure conditions and 
a chemically reactive environment in the early stages of the normal faulting. Incipient 
normal faults offset these arrays of en-échelon veins (Figure 18c). Isotope 
measurements by Hilgers et al., (2006) show until this stage a rock-buffered isotope 
signature, whereas with progressive normal faulting meteoric signatures become 
more common indicating the formation of effective fluid conduits [1]. 
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Figure 32 – The normal faults develop 
single strand systems in thick competent 
layers (brown) and monoclines in softer 
layers (gray). Between these end-members 
a splayed system develops. Field 
observations on the normal faults are 
commonly made within the wadis exposing 
predominantly the competent layers, 
whereas the surface observations are made 
on the exposed top of the latter layers 
(compare e.g. with figure 23). 
 
 
Fault nucleation is present on the veins of the 090º and 130º- striking set of the first 
generation veins. This is based on the observation of some normal fault zones 
consisting of long, parallel veins, with brecciated vein cement, (Figure 20a and d), 
and on the presence of long, straight veins in the complex damage zone of normal 
faults with a few m offset (Figure 20b, d). Therefore we infer the presence of a weak 
mechanical anisotropy during nucleation of the normal faults, both in horizontal 
(veins) and vertical direction (due to mechanical stratigraphy).  
Progressive (normal to strike slip) motion on these faults led to the formation of 
dilatant jogs (Figure 18f), to zones of extensive fragmentation (Figure 20b, d, e) and 
re-cementing. This organizes the damage zone into a mature fault zone that strikes 
at 100º-110º, at a 10-20° angle to the first generation veins.  
The evolution of such a mechanical system can be expected to be very complex as 
the fractures are rapidly cemented, restoring mechanical strength and re-sealing the 
fracture for fluid flow. Cemented aggregates of host rock fragments, broken and re-
cemented calcite crystals indicate that the mechanical properties as well as the 
transport properties of the fault system changed frequently throughout time (Figure 
21). Progressive movement on these faults up to offsets of several hundred meters 
tends to make the fault zones wider and more complex but without major change in 
structural elements.  
 
Many observations indicate a systematic change in fault zone structure as a function 
of position in the mechanical stratigraphy, and are therefore dependent on where the 
observations have been made. Massive carbonate layers commonly contain single, 
steep fault planes and very narrow damage zones in the center (Figure 19, Figure 
32). When this layer is in contact with thick argillaceous (weak) beds, these often 
develop a gradual monocline rather than localized offset. The transition between the 
monocline in the soft layer and the single fault plane in the hard layer contains a 
number of splays (Figures 19d, 23 and 27). Outcrop observations in profile view are 
commonly made on hard cliffs of wadi walls (Figure 19, Figure 32) exposing the 
single-plane section (except the relay structure of Figure 26d), whereas map view 
observations come from the top surfaces of hard layers on which the splayed faults 
are exposed (Figure 20, Figure 32). 
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3.7.5 Calcite Rhombohedra  
 
The growth of the massive calcite rhombohedra (Figure 22) is interpreted to have 
taken place in dilatant jogs of up to 60 cm length, in open space. Changes in color 
and growth zonation indicate changes in fluid composition or other external 
conditions [1, 68-70]. 
 
 
3.7.6 Un- and partly cemented joints and neotectonics (d4).  
 
The uncemented joints exposed in plane and profile view all strike into the directions 
of the first vein group perpendicular to the bedding (Figures 33i, 29 and 30). The 
uncemented joints generally have higher densities and locally much higher densities. 
In some cases beds with open joints are on top of beds with cemented hairline 
fractures with the same orientation. This indicates that some open joints have 
formed as a result of dissolution and weathering. Another explanation could be that 
the joints were formed as relaxation fractures at exhumation, which would explain 
the ubiquitous presence.  In the latter case, the denser spacing could reflect a 
change of the elastic properties of the rock as an effect of its P/T path. The influence 
of the neotectonic movements is a possible contributor to the joints as well (Figure 
31). Fractures in cemented terraces inside Wadi Nakhr indicate recent tectonic 
movement that presumably guided erosion of the Wadi Nakhr canyon in the 
Pleistocene [49, 50] 
 
3.8 Summary 
 
In summary, detailed field observations in excellent exposures provide the basis for 
a model of the multiphase evolution of the Jabal Shams high pressure cell in 
accordance with the work of Hilgers et al. (2006a). This evolution is illustrated by the 
schematic drawing shown in Figure 33. The earliest structures v
1
 are a series of 
anticlockwise rotating tension veins. The first of these formed in a north/south 
trending direction (Figure 33b), followed by a set striking approximately 130º (Figure 
33c), 090º (Figure 33d) and 045º (Figure 33e). All vein sets are perpendicular to the 
bedding, have large apertures and blocky calcite cement. The geometry of the 
fractures show no signs for interaction between the fracture sets in terms of abutting 
or curving. Rapid sealing of the fractures, restoring tensile strength is interpreted to 
be the major cause for the dense spacing of this pattern. Veins of this stage hold a 
rock-buffered isotopic signature [1] consistent with the limited vertical extent and 
the rapid sealing of the fractures.  The tensile effective stresses required for the 
formation of this regional vein system may have been formed in response to 
overpressure build-up during burial, perhaps in combination with outer-arc 
extension during emplacement of the Hawasina/Semail nappe.  
 
 71 
 
Figure 33 - The evolution of the regional fracture network is interpreted to be a result of a 
multiphase deformation: The predominantly carbonate rock material (A) formes sets of joints with 
prominent apertures. (B, C, D, E) These fractures are formed perpendicular to the bedding probably 
as a response to high fluid pressures. The open-mode fractures are effectively cemented with white 
calcite. (F) An isolated ramp structure is interpreted to have formed next with a top to 
south/southwest movement. The role and the temporal relationship are not yet clear. (G) Bedding 
parallel shear with a top to north and northeast movement postdates the bedding perpendicular 
veins forming layer parallel veins and argillaceous shear zones. Normal faults (H) develop in the 
next stage. The faults nucleate partly along the weak anisotropy of the 090° and 130° striking 
veins. The normal fault system forms anastomosing networks to develop a strike of approximately 
110°. (I) Exhumation and exposure to weathering lead to the opening of joints (Simplified sketch, 
not to scale; arrow points north). 
 
 
The position of the isolated ramp structure (d*) is not yet understood in detail. The 
joints in the ramp are normal to bedding, suggesting that the ramp postdates the 
jointing process. The south to southwest vergence of the ramp could indicate its 
relation to the emplacement of the Hawasina and Semail nappes. Figure 33f, is our 
best guess of the evolution of the ramp. 
 
The next stage is bedding parallel shear (d2), which indicates a major change of the 
effective stress tensor [1]. Bedding parallel veins indicate fluid pressures close to 
lithostatic. Arrays of re-cemented rock flakes suggest that also in this case 
cementation repeatedly restored the strength during deformation. The shear 
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movement is top to north and top to east (Figure 33e). This direction - opposite to 
the nappes' emplacement - suggests that these shear zones are formed after the 
nappe emplacement. An event like this is discussed in detail by Al-Wardi and Butler 
(2006). Based on fluid inclusion analysis precipitation temperatures are in the range 
of 134°-221°, accounting an overburden load of 90 MPa. No independent pressure 
data is however available yet that would strengthen the data. 
 
The next major change in effective stress under continuously high fluid pressures 
led to strongly dilatant normal faults with strike-slip components that offset the 
bedding-parallel shear zones (Figure 33g). These have a distinct isotopic signature 
indicating meteoric influence, draining the high-pressure system [1] The faults 
nucleated as en-échelon vein sets or along the pre-existing veins in the 090º and 
130º strike direction.  This means that these faults cannot be simply used to infer 
the principle stress directions, because of the anisotropy.  
This weak lateral mechanical anisotropy, combined with the prominent mechanical 
layering, produces distinct fault zone structures as shown in Figure 32. Important 
elements are refraction at bedding planes and splaying of single fault strands 
towards the contact with weaker material (Figure 32). This led to a heterogeneous 
distribution of fault properties as the morphology of the faults changes. 
 
At the stage of the normal faulting the environment was still chemically active and 
led to healing of the fault gouge and several generations of deformed, brecciated 
fault cement, cemented in turn by less deformed calcite. 
 
The high-pressure cell of Jabal Shams proves to be a natural example to show 
thermal, hydraulic, mechanical processes [9, 10, 13, 67, 71-73]. The high fluid 
pressures and the repeated cementation of the fracture system led to the formation 
of a complex fracture network. Its transport properties as well as the mechanical 
strength of the system are constantly changing as the calcite cement seals the 
fractures.  
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3.10 Appendix  
 
3.10.1 Methodology Fluid inclusion measurements 
 
A microthermometric analysis of fluid inclusions has been performed on the vein-
filling quartz from one of the bedding parallel shear zones.  A detailed description of 
the sample preparation technique is given by Muchez et al. [59]. Homogenization 
temperature followed by phase transitions occurring during heating after completely 
freezing of the inclusions were measured on a Linkam THMSG 600 heating–cooling 
stage mounted on an Olympus BX 60 microscope. The stage was calibrated between 
-56.6 and 374.1 °C with synthetic fluid inclusions provided by Syn Flinc. 
Reproducibility was within 0.2 °C for temperatures between -56.6 and 30 °C, and 1 °C 
for total homogenization temperatures. The fluid inclusions occur in growth zones 
(primary fluid inclusions) and in trails (pseudosecondary and secondary fluid 
inclusions). The pseudosecondary fluid inclusions occur in first vein-filling quartz 
generation. All fluid inclusions are two-phase aqueous inclusions and the size of the 
inclusions studied is between 6 and 20 μm.  First melting of the fluid inclusions has 
clearly been observed from -19 °C, indicative for the H2O-NaCl system with a eutectic 
temperature of -21.2 °C. The range of final melting temperature of ice within the 
primary and secondary fluid inclusions varies between -2.3 and -3.7 °C, 
corresponding to a salinity of 3.8 to 6.0 eq. wt% NaCl (Figure 16). This reflects once 
to twice the composition of sea water. The Th values of primary and secondary fluid 
inclusions overlap and are between 84 and 130°C. Within one growth zone or within 
one trail homogenization temperature of the fluid inclusions is within a few degrees. 
The Th values of an assemblage of pseudosecondary inclusions are between 134° 
and 141°C (Figure 16). The homogenization temperatures reflect the minimum 
temperature of precipitation. A pressure correction to obtain the trapping 
temperature is difficult since an independent palaeogeothermometer or 
palaoegeobarometer is lacking. Accounting for a 3-5 km thick cover of high-density 
Ophiolites the corresponding correction for lithostatic fluid conditions would raise 
the temperature by approximately 50°-80°. The temperatures pseudosecondary 
inclusions would raise the temperature range from 84°-141° to 134°-191° at 90 MPa 
or 186°-221° at 150 MPa. 
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Figure A-1 – Map composed from Quickbird satellite bands 4,2,1 as RGB image (manual 
stretch) showing the different lithological units and the dense network of cemented 
fractures. The high resolution of 70 cm (panchromatic band) allows detailed interpreta-
tion of the field units. Note that the image is not taken from Nadir, which causes a 
distortion effect along the steep sections of the image. The view azimuth of the satellite 
is approximately 140˚. UTM 40-N grid, WGS-84 map datum, grid spacing is 1 km.
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Figure A-2 –Routes and Waypoints of the 2006 field campaign superimposed on a 
panchromatic Quickbird scene. The collection of data was done primarily close to 
the wadi walls. This allowed simultaneous collection of profile data as well as 
surface data. UTM 40-N grid, WGS-84 map datum, grid spacing is 1 km.
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Figure A-3 – Fault map as interpreted from the Quickbird scene. The numbers are 
fault throw based on visual estimates in the field. No estimates are available for 
the major fault zones in the North and the South of the central mapping area. UTM 
40-N grid, WGS-84 map datum, grid spacing is 1 km.
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Figure A-4 – Joint interpretation map. Approx. 180.000 lineaments were inter-
preted by Nishank Saxena on the Quickbird scene. UTM 40-N grid, WGS-84 map 
datum, grid spacing is 1 km.
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4 The Faults and Fractures in the Mesozoic 
Carbonates of Jabal Shams, Oman Mountains – (II) 
Fracture analysis based on satellite image 
interpretation1 
 
 
4.1 Abstract 
 
The extensive, very high quality outcrops on the southern flank 
of Jabal Shams in the Oman Mountains expose the complex 
fracture and fault network of an exhumed high-pressure cell. 
Veins are filled with white calcite in grey host rock, allowing 0.7 
m- resolution mapping based on satellite image interpretation 
followed by ground truthing with detailed field observation in 
selected areas. Using Quickbird and Landsat data, we produced 
a model with 562 faults and 145,000 fractures in an area of 32 
km2; the area of a typical 3-D seismic survey but with hundred 
times higher resolution. Four generations of veins with strikes of 
130°, 000°, 090° and 045° are overprinted by normal faults with 
wide cemented damage zones and offsets up to 500 m. Veins 
are generally a few 10’s of meters long and lack signs of strong 
mechanical interactions such as curving or abutting. This 
suggests a restoration of the bulk strength during the formation 
of the joints and an anticlockwise rotation of permeability 
anisotropy during progressive fracturing. The density of all 
cemented fractures is rather homogenous, but the density 
within individual joint sets is heterogeneous, suggesting patchy 
fracturing during the individual events. A weak mechanical 
anisotropy caused by the veins affects the nucleation and 
evolution of the anastomosing normal fault system that 
overprints the cemented joints. Faults shorter than 300 m are 
less frequent than expected from a power law distribution. 
 
4.2 Introduction 
 
High-pressure cells are common in the Earth’s upper crust [e.g. 1, 2-9] and their 
understanding is important in many basic and applied fields. Models of such 
structures are based on volume data (3D seismic) with resolution of around 10 m, 
often combined with 1-D information from wells and outcrop studies of exhumed 
high pressure cells. Fracture networks are common structures in high pressure cells 
because of the low effective stresses but our knowledge of their lateral distribution 
and evolution over time is limited because they are not well resolved by the 3D data 
and outcrops are usually not large enough to allow regional mapping of structures 
[1-4, 6-20] .  
                                                 
1 Marc Holland, Nishank Saxena, Janos L. Urai; accepted by GeoArabia 
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Figure 1 - Subset of a Landsat Scene of the northeastern part of Oman showing the Jabal Akhdar 
antiform and the Saih Hatat culmination in the NE. These are predominantly limestone outcrops 
surrounded by the dark Semail ophiolite nappes. The white polygons mark the location of the 
data sets used in this study (Landsat ETM+ scene (NASA Landsat Program, 2000), band 3,2,1 as 
RGB image, manually stretched). 
 
 
In this study we integrate high-resolution remote sensing and field data to 
investigate how the meso- to microscale observations in outcrops can be laterally 
extrapolated, discuss what scale is necessary to describe the governing structures 
[21-25], and characterize the evolving anatomy of a high-pressure cell in carbonates 
at high spatial resolution [23, 26-29].  
We studied an exposed high-pressure cell in the Oman Mountains (Figure 1) [4]. 
Multiphase deformation under close- to lithostatic fluid pressure conditions led to 
the formation of four joint sets overprinted by bedding-parallel shear and normal 
faulting [4, 29-34]. The associated ubiquitous joints are predominantly cemented 
with bright white calcite in grey host rock. This cement forms a high optical contrast, 
allowing interpretation and mapping of the fractures on the base of remote sensing 
data. This approach was carried out in an area of 32 km2 with a spatial resolution of 
up to 0.7 m. The aim of this study is to produce a high-resolution regional fault and 
fracture map of a high-pressure cell, and analyze the first order characteristics of the 
spatial distribution of structures. Field observations of overprinting relationships and 
structures smaller than the resolution of the satellite image guide the image 
interpretation and provide solid constraints on the applicability of our results [23, 
29]. 
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Figure 2 - Oblique view on (A) Geological map and (B) Landsat scene draped on a low-resolution 
DEM showing the central study area marked with polygon. The geological map (Beurrier et al. 
1986) shows good correspondence with the morphology and patterns of the Landsat Scene. 
(DEM from Aster and SRTM data, not vertically exaggerated, consult previous and next image 
for location; Landsat band 3,2,1 as RGB; Data from different sources (Beurrier et al., 1986; 
NASA Landsat Program, 2000; USGS/GLCF, 2000)). 
 
 
4.3 Methods 
 
Multi-scale data from field observations [29] and image interpretations were 
integrated in a GIS system. The database contains georeferenced field photographs, 
measurements, sketches and notes as well as a collection of remote sensing data 
sets.  
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4.3.1 Data sets 
 
We used a number of digital and printed data sets. Printouts were used in the field 
together with data sets stored on a handheld computer linked to a GPS receiver. This 
allowed on-site comparison of the field observations to verify the relationship 
between remote sensing data and field observations. The map data consist of a 
geological map [35], radar derived elevation data, air photographs (kindly provided 
by Petroleum development Oman) together with two multi-spectral satellite images. 
 
Geological map 
The geological map [35] on a scale of 1:100,000 distinguishes the upper and lower 
Wasia Group. The upper (Ws
2
) corresponds to the Natih Formation, the lower (Ws
1
) to 
the Nahr Umr Formation. The Kahmah Group is divided into three groups (Kh
1
-Kh
3
). 
First-order faults are also shown on this map. Figure 2 shows data from this 
geological map, geo-referenced against a Landsat image, and draped on a coarse 
resolution Digital Elevation Model (DEM). The good correspondence of the main 
geological units with morphology is apparent.  
 
Aster and SRTM DEM 
Terrain morphology data was derived from two DEM data sets. The first is a SRTM 
file (Shuttle Radar Topographic Mission) obtained from the Global Land Cover Facility 
[36] The one-degree tile with the number 128-267 offers a spatial resolution of 90 m 
[37, 38]. 
 
The large off-nadir angle (>30°) during the acquisition of SRTM data [37] limits the 
collection of data near steep morphological elements. The subvertical wadi walls and 
steep cliff sections cast shadows. This forms data gaps within the DEM. To fill the 
voids, a second data set was used. We obtained ASTER files (Advanced Spaceborn 
Thermal Emission and Reflection Radiometer) from the EOS gateway of the same 
area. Aster DEMs are generated optically by stereoscopic images made from a nadir 
viewing sensor (3N) and the satellite’s backward viewing sensor (3B). The two near-
infrared data sets are processed producing a DEM with a spatial resolution of 30 m 
[10]. The ASTER and SRTM data sets combined offer a good representation of the 
regional morphology (Figure 2). The spatial resolution of about 30 meters does 
however not fully display the structure of the deep wadis.  
 
 
Landsat ETM+ 
A Landsat scene [39] from the Global Landcover Facility was used to derive data on 
lithology. Landsat images (ETM+, Enhanced Thematic Mapper) provide in total seven 
bands of spectral information and an additional panchromatic band with high-
resolution data, acquired at nadir (near-vertical angle). Most bands (1-5, 7) of the 
Landsat image have a spatial resolution of 30 m. The thermal bands 6.1 and 6.2 
(high- and low-gain bands) deliver a resolution of approximately 60 m. All bands can 
be pan-sharpened against the 15 m resolution panchromatic band 8 to obtain a 
higher resolution image. 
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Figure 3 -  Collage of different Landsat bands showing the southern flank of Jabal Shams with the locations 
of the primary data sets. (A) RGB image using the bands 3,2,1 of the visual spectrum mimicking human 
vision. (B) Bands 1,4 and 7 displayed as RGB image. The near-IR and thermal-IR bands stress the differences 
of the lithological elements. (C) Result of a principle component analysis on the central part of the Landsat 
scene visualizes subtle spectral differences with a great variety of color. Band PC2, 3 and 4 as RGB (All 
ages Landsat ETM+ (NASA Landsat Program, 2000), UTM-40N, WGS-84). 
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Combining the bands 3, 2 and 1 from the visual spectrum an image similar to 
human vision is created (Figure 1, Figure 3). The relatively low optical contrast 
among the carbonates on the image is a result of the high correlation of DN within 
the first three bands. Using the near-IR and thermal-IR bands higher visual contr
can be obtained due to differences in the thermal properties of the rock types. 
The combination of the bands 1 (0.45-0.515 μm), 4 (0.75-0.9 μm) and 7 (2.09-2.
μm) displayed as RGB image produces 
geological map (Figure 3b, Figure 2).  
An optical difference between the surface outcrops of the upper Kahmah formations 
(predominantly Shu’aiba) and the upper Wasia Formation (Natih) is clearly visib
this false-color image (Figure 3b). To intensify the spectral differences of the 
exposed rocks, the information of all available bands can be incorporated. A su
of the Landsat scenes was created excluding areas of other rock exposures to 
optimize the analysis to the region of interest. The seven bands of the remaining 
area are then processed in a principle component analysis which reduces the amount
of bands within highly correlated sets [40, 41] intensifying the contrast
lithologies. Bands 2, 3 and 4 are displayed as RGB image in Figure 3c. 
This image shows a significant increase in detail that allows tracing the boundaries 
of a number of formations and even members which are visible in outcrops on
western flank. Within each formation the rock column contains many m-scale 
changes in lithology [29] and many of these can be seen in the Landsat image but 
th
 
 
Aerial photograph and high-resolution DEM 
We used a high-resolution aerial photograph with a corresponding high-resolution 
DEM kindly provided to us by Petroleum Development Oman (PDO). The data sets 
cover a section of the central part of the field area and its southern extension d
to Wadi Ghool (Figure 4, Figure 1). The high-quality air photograph is acquired 
approximately at nadir and geo-referenced. It provides spectral information with 
three visual bands of 8 Bit resolution. The spatial resolution of the data set is 1
The corresponding DEM is seamless and provides elevation data with a spatial 
resolution of 10 m. The two data sets combined provide an accurate topographic 
model of the geometry of the strata on this southern flank. While the Land
coarse information and the ASTER and SRTM data deliver only a 1st order 
morphology, this data pair offers insight into a number of different features related
to the interplay of erosion and lithology: The differences of the rocks in respect to 
the weathering characteristics are reflected by a small-scaled morphology of a terrain
steps. The resolution of the DEM allows distinguishing structural elements from th
morphology
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Figure 4 - (A) Field photo-
graph looking east onto 
the exposure of the Nahr 
Umr Formation. The 
material is prone to 
erosion and segmented by 
faulting leading to a small-
scale morphology 
(Photograph taken from 
elevated position 
indicated on lower image). 
(B) Oblique view onto an 
aerial photograph draped 
on a high resolution DEM. 
The image looks towards 
the east showing the 
segmentation of the Nahr 
Umr in more detail (Image 
is not vertically 
exaggerated; image width 
is approximately 5 km). 
 
 
The Nahr Umr is exposed on the footwall block of a major fault [29] and offset 
against the massive Natih Formation. The latter protects the exposure of the 
argillaceous Nahr Umr Formation from erosion. The described section shows a 
morphology distinct from the overall dip-slope style in the area. To understand the 
geomorphology of the Nahr Umr Formation the DEM provides vital information 
(Figure 4). The same applies for a ramp structure exposed on the southern flank 
[29]. The high-resolution data pair shows the lateral extent of the ramp as well as its 
dip angle.  
 
 
Quickbird satellite image 
For synoptic high-resolution mapping a data set was necessary that shows constant 
image properties over the 75 km2 area. For this purpose we used a Quickbird scene 
covering the central part of the study area. The data set is approximately 5.5 km × 
17.5 km, geo-referenced and geo-corrected by the vendor. The scene covers main 
parts of the southern slope of Jabal Shams (Figure 1, Figure 5) and includes Wadi 
Nakhr – Oman’s “Grand Canyon” [29].  
The satellite acquires data with four spectral bands and one panchromatic band. The 
spectral bands encompass the visual spectrum and a near-IR band (0.76-0.90 μm) 
with a spatial resolution of approximately 2.8 m. The panchromatic band offers a 
significantly higher spatial resolution with 0.7 m.  
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Figure 5 - (A) Overview of the Quickbird satellite image covering the primary working area. The 
white line bounds the interpreted area. (B) The Quickbird image is taken off-nadir at a viewing 
azimuth of 140°. The rotation of the image into the view of the satellite enhances the 
understanding of the morphology. Note how only one wall of the central Wadi Nakhr is 
exposed. (C) Subset of the upper the upper image. The Quickbird data shows a high degree of 
detail resolving faults, joints and single bushes (Quickbird data from DigitalGlobe, Band 4,2,1 
as RGB, pansharpened and manually stretched, UTM-40N, WGS-84). 
 
 
All bands of the Quickbird data have 11 Bit resolution and therefore present the 
highest resolution data set in this study. 
Quickbird data is commonly acquired off-nadir. The off-nadir angle is 23° in our data 
set. This angle leads to some distortion and data loss since the oblique view of the 
satellites’ sensor misses steep sections not facing to the satellite (Figures 5 and 7). 
Although geo-corrected, the satellite image is not a full map view of the area and 
consequently sections of the steep wadis need to be excluded from the data set. The 
total excluded area is approximately 15 km2 (20%). 
 
For the purpose of mapping, the bands 4, 2 and 1 are combined to a RGB image. The 
use of the near-IR band 4 (0.76-0.90 μm) allows spotting the sparse vegetation more  
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Figure 6 - Comparison of (A) 
Quickbird scene with (B) the 
field view at the example of 
houses and trees (Quickbird 
data from DigitalGlobe, Band 
4,2,1 as RGB, pansharpened 
and manually stretched, UTM-
40N, WGS-84). 
  
easily (Figures 5, 6, and 10). The RGB image is multiplied with the pan-chromatic 
image to synthetically raise the resolution of the color image to 0.7 m. The high-
resolution data set resolves an amazing amount of detail on the shallow dipping 
flank of Jabal Shams (Figure 5, 8, 10, and 11). At scale of 1:10,000 and 1:5,000 it 
shows houses, roads, trees and bushes, which can be used to accurately determine 
the position in the field even without the use of a GPS receiver.  
 
 
4.3.2 Processing 
 
The data sets were uploaded to a GIS system (ArcGIS 9.0) for data organization and 
processing. Subsets of the processed data were prepared from the Landsat and the 
Quickbird scenes. The subsets were taken into the field as map printouts as well as 
in a digital form uploaded to a handheld computer. Attached to a GPS the latter 
device allowed instant navigation on the different data sets as well as a convenient 
collection of geo-referenced information.  
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Figure 7 - Cartoon illustrating the effects of (A) nadir and (B) off-nadir data acquisition. With a 
nadir looking satellite, data from inclined walls and the bottom of valleys is collected, whereas 
an off-nadir looking satellite may miss ground information due to shadow effects of steep 
morphology (Exaggerated sketch not to scale). 
 
 
The GPS receiver has a RMS error of less than 15 m. Correlating recognizable ground 
points in the field with the GPS-location on the data sets validated an accuracy of a 
few meters.  
 
4.3.2.1 Ground truth 
 
Several prominent outcrops were documented in more detail in the field to verify the 
quality and the limitation of the remote sensing data. The first area is located a few 
hundred meters east of Wadi Nakhr with a well developed set of veins (Figure 8). The 
GPS system was used to navigate to single veins on the map where a strike reading 
was done with a structural compass and a GPS waypoint as well as a photograph was 
taken. This was done for thirteen veins. The veins that were photographed within 
this small survey all showed bright white calcite cement. The aperture of these 
cemented fractures varied from a few centimeters to ten’s of centimeters. Thus, 
although the aperture is significantly smaller than the spatial resolution of 0.7 m, the 
brightness of the pixels is sufficiently enlarged by the vein to make it visible on the 
image. The visibility of cemented fractures on an image is related to a number of 
parameters: 
 
(1) The ratio of area of cement and bedrock within a single pixel. 
(2) The contrast of the dynamic number (DN, quantitative measure of the signal) of 
the vein and the DN of the wall rock within a pixel. 
(3) The contrast of the vein pixel to a neighboring pixel surrounding the vein. 
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Figure 8 - Correlation and quality check of image data, GPS signal and image interpretation on 
the example of a joint plane. (A) Quickbird image with original GPS-ground points. Red lines 
correspond to field readings of the strike. (B) Field image of a massive cemented joint of point 19 
with more than 10 cm aperture. (C) Fracture interpretation with the superimposed field readings. 
(Quickbird data from DigitalGlobe, Band 4,2,1 as RGB, pansharpened and manually stretched, 
UTM-40N, WGS-84). 
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Figure 9 - Synthetic example on the effect of resolution and optical contrast. A single vein and a 
vein array with the same amount of cement are subject to a fine and coarse mosaic filter 
mimicking the effects of resolution. See text for details. 
 
 
Figure 9 illustrates these effects with a synthetic example. A dark area and a bright 
area have an isolated vein and a vein array. The area of the cement is for both vein 
systems the same. Applying a mosaic filter that averages the DN of the image within 
a rectangular area simulates a high- and a low-resolution image. The example 
illustrates that bright veins in darker areas are much better to resolve due to the 
higher contrast. Changes in wall rock color can therefore affect the density of 
interpreted joint patterns. The nature of the vein is not recognizable anymore when 
the spatial resolution is in the same order as the aperture. The single- strand vein 
and the vein array produce an identical signal [42-44].  
 
For this reason the veins produce a much higher contrast as opposed to uncemented 
fractures. Casting shadows or being filled with soil, the latter features are only 
resolved when they have massive openings of several centimeters.  
For the discussed reasons the satellite’s sensor cannot resolve whether the signal is 
caused by a single vein or a sub-parallel vein array with the same cumulative area. It 
furthermore cannot reveal kinematic indicators like splays or en-échelon segments 
[29]. Dark host rock surfaces without major accumulation of soil and debris 
consequently deliver high quality outcrops, whereas brighter surfaces with 
homogenously scattered veins may not provide the sufficient optical contrast for 
proper image interpretation.  
These optical effects are clearly shown in the second outcrop example (Figure 10) 
that compares outcrop surface and image data. The outcrop surface is slightly 
brighter and shows a dense network of veins striking in different directions. Since 
the DN is integrated over the entire area of a pixel (0.7 m × 0.7 m) the signal lacks 
the sharp contrast of the previous example (Figure 9). In this outcrop surface only 
the thick veins and vein arrays are resolved.  
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Figure 10 - Comparison of observation on the satellite data with those of the field. A heavily 
fractures surface with a variety of different cemented fractures was used for this example. Veins 
that can be recognized on the satellite image are numbered for easier comparison (Quickbird data 
from DigitalGlobe, Band 4,2,1 as RGB, pansharpened and manually stretched, UTM-40N, WGS-84). 
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The higher-resolution outcrop observations show information that is invisible on the 
satellite image: the morphology of the veins incorporates en-échelon segments, 
braided systems and splays at vein terminations [29, Figure 8]. Overprinting 
relationships are revealed and observations on the fractures cement document 
repeated crack/seal events.  
Keeping these well-constrained limits of resolution in mind, the remote sensing data 
are well-suited for regional mapping of a very large number of veins. 
 
 
4.3.2.2 Image Interpretation 
 
The high-resolution data set provides a remarkable view of the spatial distribution of 
faults and fractures at a scale one order of magnitude better than the scale of a 
seismic data set which lies typically in the order of 25 meters.  
 
We focused on the high quality and extremely large outcrop surfaces on the 
southern flank of Jabal Shams with surface exposures of the Natih Formation in the 
western part as well as exposures of the upper Kahmah Group in the eastern part of 
the study area (Figure 3). Bound by two major fault zones, this central region of 
interest exposes abundant medium-throw faults as well as a large number of veins 
and uncemented fractures [29]. 
 
The interpretation and mapping was done manually, guided by the data of the field 
campaigns, using field observations and the database of georeferenced photographs 
to guide the interpreter. We mapped the following elements:  
 
(1) A polygon shape file masking the steep wadis which were excluded from 
the interpretation. Of the 75 km2 area, approximately 15 km2 are masked. 
(2) A polyline shape file with interpreted fault lineaments. 
(3) A polyline shape file with interpreted fracture lineaments.  
 
The decision whether a lineament structure on the image is interpreted as fault or as 
fracture is based on a number of criteria. Criteria for faults are:  
 
(1) Ground truth information confirms the structure to be a fault with offset 
bedding (Figure 11a).  
(2) Offset is visible on the satellite image in terms of juxtaposition of lithology 
or morphological elements (Figure 11b).  
(3) The width of bright zone exceeds several pixels, corresponding to a meter 
to a several meter wide zone (Figures 11a, c).  
(4) Bright zone with curvature, branching or anastomosing patterns on a scale 
of ten’s of meters or more (Figure 11b, d).  
 
Using these criteria a clear distinction is not always possible between a fracture and 
a fault. In a limited number of cases field observations showed features to be 
massive veins with apertures of up to 20 cm.  
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Figure 11 - Examples of faults shown on the satellite image. Note that not all faults are marked. 
See text for details (Quickbird data from DigitalGlobe, Band 4,2,1 as RGB, pansharpened and 
manually stretched, UTM-40N, WGS-84). 
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These so-called ‘mega-veins” showed no offset although being several hundred 
meters long (Figure 11e, dashed lines). A misinterpretation of similar fractures as 
faults is possible in a number of other cases where no ground truth information is 
available.  
 
Thinner lineaments in regular sub-parallel patterns are interpreted as fractures 
(Figure 14). Although most fractures and faults are cemented, some fractures are 
uncemented joints. A subclass for these features (Figure 10) was not created as the 
number of these dark lineaments visible in this image is small, even though ground 
truthing showed that uncemented joints are common in the area, but these are not 
well imaged in the satellite data.   
 
The interpretation of the faults was done on a scale of 1:3,000. The interpretation of 
the fractures (joints, veins) was done at a significantly higher magnification with a 
scale up to 1:1,500. 
 
The interpreter refrained from interconnecting aligned lineaments to maintain the 
geometry of segmented structures. The fracture vertices were picked depending on 
the shape of the fracture. Equal spaced vertices were not picked but are 
recommended for future work as these would allow robust statistics based on unit 
length. In branching networks of faults the most prominent strand was picked as the 
continuous segment. The interpretation process was carried out over a period of 
three months, after a training period. To ensure consistency, the interpreter 
occasionally returned to an area already interpreted and re-interpreted the area to 
check that the interpretation was the same and there was no drift in the picking 
criteria. 
 
 
4.4 Results 
 
Based on the raw interpretations further processing to secondary data sets was done 
within the GIS system using the standard toolboxes. Additional statistics were 
calculated within the Matlab environment. The data conversion of the shape file 
material was done using the ARC_MAT toolbox [45]. In addition, functions to analyze 
the data were programmed.  
 
 
4.4.1 Fault and fracture interpretation 
4.4.1.1 Fault interpretation map and directional statistics 
 
562 faults are interpreted on the Quickbird scene. Combined with throw estimates 
made during fieldwork [29] the results are displayed in Figure 12 showing an 
anastomosing network of normal faults.  
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Figure 12 - Fault interpretation map with throw estimates collected during fieldwork. The northern 
and southern fault zone lack estimates due to the large offsets. Gray area marks interpreted area 
with the masked wadis. Fault offset in meters, UTM-40N, WGS-84) 
 
 
Bound by two large fault zones with throws exceeding several hundreds of meters 
the majority of the interpreted faults show offsets up to a few 10’s of meters. 
Isolated fault segments that not abut against other faults or merge with other faults 
are rare. They typically branch to form interconnected anastomosing networks are 
much more common. 
 
The fault density subjectively increases towards the eastern part of the study area 
where the throw of the bounding northern and southern fault zone increase as well. 
This indicates that the total extension increases to the east.  
The length of the interpreted segments ranges from a few meters to 1,600 m (Figure 
13). The length of a fault is in most cases difficult to define unambiguously [21, 22, 
24, 26, 27, 46-55]. Many faults extend beyond the study area. The mean fault length 
in the interpretation is 422 m within a skewed population of 562 faults. The most 
common interpreted fault segment length is 295 m.  
When plotted in a log/log histogram with logarithmic binning a power law 
distribution is apparent with an exponent of m = -2.68. Reported exponents for 
cumulative distributions of the length of faults and fractures are reported in 
literature in the range of -1.5 to -3.0 [51, 52, 55-58]. The population shows a lower 
limit at ≈ 316 m suggesting that smaller faults are underrepresented with respect to 
a power law distribution. This is typical in many studies as smaller structures are 
commonly overseen in the interpretation.  
 
To characterize directional distribution we used the lines connecting start and 
endpoints of segments as well as the strike direction of single fault elements (Figure 
13). An element is defined as a line between two interpreted fault vertices, noting 
that vertices are not equidistant; they are chosen in way to accurately trace the fault 
shape. The left rose plot in Figure 13 c shows strike values of every single 
interpreted fault element.  
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Figure 13 - Statistics on the fault interpretation. (A) Histogram of the fault length. (B) Log/Log-
histogram of the cumulative number of faults versus the fault length. A linear regression is 
done on the linear segment of the curve. (C) Rose plot of the directional distribution of the 
fault elements (left) and the faults (right). (D) Planar plot of the directional distribution of the 
fault elements (solid line) and the faults (stippled line). See text for details. 
 
 
The right plot (Figure 13c) takes the strike values of the entire faults by 
interconnecting the start- and end point. These values are not weighted nor 
corrected to the mean direction.  
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The rose diagram and the Cartesian projection of the same data (Figure 13c, d) show 
peaks in the direction of 090º for the fault elements. The mean direction of the 
strike of the whole faults is oriented 100º. 
 
4.4.1.2 Fracture interpretation map and directional statistics 
 
The fracture interpretation map consists of more than 145,000 interpreted 
lineaments (Figure 14, Figure 15c). These incorporate both joints and cemented 
joints (veins). This massive data set allows statistical analysis related to location, 
strike direction and the length distribution of the elements.  
 
Most interpreted fracture elements are straight (Figure 14) and defined by two 
vertices only (145,000 fractures vs. 217,000 elements). Plotted in a rose diagram 
(Figure 15c) the main strike directions of the system are NW/SE (approx. 130º), 
NE/SW (approx. 045º), N/S (approx. 000º) and E/W (approx. 090º). The 130º 
direction is the predominant strike direction of the system.  
 
The maximum length of the interpreted fractures is about 400 m with a mean length 
close to 25 m. The most common length (mode) in the interpreted set is 12 m 
(Figure 15a).  
 
Figure 15b shows the cumulative frequency plotted against the length of fractures 
using logarithmic binning. The distribution produces a graph with a curved and a 
more linear segment. The linear segment has a slope of m = -4.2, being considerably 
steeper than the corresponding plot of the fault population. The length that 
separates the curved from the linear segment is approximately 56 m as opposed to 
the 316 m of the fault population (Figures 13b and 15b).  
 
The magnitude of the mean length and the maximum length was examined to test 
for preferential orientations (Figure 15).  The mean length of the fractures is highest 
in a quadrant from 090º to 140º, exceeding the minimum values by more than 50%. 
The variance of the mean fracture length in a directional sense is rather small. 
The maximum length is less robust as it is based on only one value. Trends are 
however visible and e.g. show that the longest interpreted features strike 
approximately 140º, 10-15º off the most common strike direction. The large scatter 
in this plot inhibits defining groups or correlating the values with the frequency or 
mean length plots.  
 
To visualize dependencies we used three scatter plots of the values of frequency, 
mean length and maximum length against each other (Figure 16). For this purpose 
we divided the main population into 90 groups based on their strike direction (2° bin 
size). From every group the frequency, mean length and maximum length was 
measured and plotted as a data point in the scatter plots. Labeled and marked with a 
gray value the plots show distinct groups. 
The mean length and the maximum length are correlated in a linear fashion (Figure 
16a). The directional distribution of the maximum length is subject to some scatter.  
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Figure 14 - Selected subsets of the Quickbird satellite image with the corresponding fracture 
interpretation (Quickbird data from DigitalGlobe, Band 4,2,1 as RGB, pansharpened and manually 
stretched, UTM-40N, WGS-84). 
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Figure 15 - Statistics on the fracture interpretation incorporating primarily veins and joints. (A) 
Histogram of the fracture length; n>145,000. (B) Log/Log histogram of the cumulative number 
of fractures versus the fracture length with a linear regression on the linear segment of the 
curve. (C) Rose plot of the directional distribution of the fractures showing the prevailing 130° 
bin. (D) Rose plot of the maximum fracture length. (E) Rose plot on the mean fracture length. 
See text for details. 
 
The largest lengths are interpreted in the 140˚ direction. These data points deviate 
from the neighboring data points. This variation can be based on a misinterpretation 
or by reactivation. The latter process could cause veins to grow in length. Although 
technically being faults, these reactivated features may be interpreted as fractures. 
In Figure 16b, the mean length is plotted against frequency, the data are clustered. 
This is a result of the distinct directional classes. Two data points deviate from the 
groups.  
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 Figure 16 - Scatter plots testing the 
interrelation of the fracture frequency, 
maximum length and mean length of 
the directional data. For this purpose 
the fracture population is divided in 
subpopulations of equal strike (2° bins). 
The values of these subpopulations are 
plotted against each other, marked with 
a grey value and labeled with strike. 
(A) Mean fracture length of the strike 
groups plotted against maximum 
length. (B) Mean fracture length of the 
strike groups plotted against frequency. 
(C) Maximum fracture length of the 
strike groups plotted against frequency. 
See text for details. 
  
The first is the 02 point (000-002º) and the second is the 92 data point (090-092º). 
Both data points show shorter lengths and higher frequencies as opposed to the data 
points of adjacent directions. This could be an effect of alias artifacts that biased the 
interpretation. Such an effect is created when structures that have a width 
comparable to the image resolution are displayed with different orientations in 
respect to the image axes.   
Figure 17 is a two dimensional histogram showing strike, length and frequency in a 
single plot. On the horizontal axis the strike direction of the fractures is plotted  
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Figure 17 - Two-dimensional histograms of the fracture distribution. Corresponding to the 
strike direction on horizontal axis and the length of the fracture on the vertical axis, the 
frequency is plotted with color. This is displayed with a linear color bar (A) and a logarithmic 
color bar (B). (Bin size is 2° strike and 1 m length increments, figure is clipped at 100 m; see 
text for details). 
 
using 2° bins. The vertical axis is joint length with a 1 m bin increment. The number 
of elements in a specific strike bin and a specific length bin is represented by 
different colors making this plot a directional length histogram. The plot is clipped 
at a fracture length of 100 m, since less than 1 % (about 1,000 elements) exceeds 
this length.  
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The frequency of the elements in the individual bins is plotted with a linear and a 
logarithmic color bar. The two dimensional histogram shows the directional 
distribution as well as the mode and skewness of the joint population at the same 
time.  
 
It becomes apparent that the lower length limit of the joint interpretation is constant 
among the entire population with a little less than 10 m (Figure 17 b). The figure 
shows – similar to the rose diagrams – four major strike groups at approximately 
000º, 45º, 90º and 130º. The populations themselves differ in a number of aspects: 
The 130º group is the one with most elements. A large variance with the majority of 
the joints occurs at approximately 130º. In comparison to the other groups the 
interpreted length of these fractures is much longer. The asymmetric color 
distribution of this group indicates that the length distributions within the strike bins 
are skewed.  
The second major group is striking north/south (000º). The directional distribution is 
much narrower as compared to the 130º group. The joints within this group appear 
to be longer as opposed to the next larger group that strikes at approximately 045º. 
The 045º group shows a diffuse pattern. The skewness is not as large as the 
previous two groups resulting in a more circular plot pattern.  
The forth group strikes approximately east/west (090º) and essentially falls into two 
10 degree bins. Field work shows the presence of this group, however an image 
analysis bias parallel to the pixels boundaries (0º, 90º) and diagonal to the pixel 
boundary (45º, 135º) is suspected. A close look at Figure 17b confirms minor 
distortions in the population at exactly these directions.  
 
 
4.4.1.3 Fracture density maps 
 
In addition to orientation distribution, our dataset is rich in spatial information. The 
interpretation covers primarily two main formations: The Natih Formation on the 
flank west of Wadi Nakhr and formations of the upper Kahmah Group (primarily the 
Shu’aiba Formation) on the east flank of the canyon (Figures 2 and 3), both with 
many clearly distinguishable beds. 
 
The density of the interpreted fractures (Figure 18) was analyzed by box counting 
with a kernel of 25 m × 25 m, calculating fracture length per unit area (m/m2). 
The fracture density ranges from 0.0 m/m2 to 0.28 m/m2. The lowest densities (red 
colors, Figure 18) are found at the boundaries of the interpretation area and close to 
some of the wadis with no data. Variations in fracture density occur on the western 
flank within the Natih Formation (Figure 18, location 1).  
Virtually the entire exposure of the Nahr Umr Formation shows low line densities 
(Figure 18, location 2) as compared to the adjacent Natih Formation or Shu’aiba 
Formation. Lower joint densities are also found close to the major fault zones in the 
area (Figure 18 locations 3, 4).  
112 
  
 
Figure 18 - Line density map of the fracture interpretation showing the cumulative length of 
fractures per unit area (m/m²), based on a kernel size of 25 m x 25 m. (Color bar is subject to 
a standard deviation contrast stretch, 2x StdDev.; UTM-40N, WGS-84, grid increment is 4 km). 
 
 
4.4.1.4 Fracture density maps for strike populations  
 
The line density of the fractures was calculated individually for the four different 
strike groups to check for the spatial distribution of the different sets within the field 
area. Figure 19 shows the distribution of the fracture sets with a relative color bar. 
From top to bottom the densities cover the groups 340°-020°, 020°-060°, 080°-100° 
and 115-145°, displayed by the gray sectors in the rose diagrams. The plots show 
that the joint distribution in the sub-populations have much larger variations in the 
distribution as opposed to the entire population in Figure 18. The densities within a 
strike population form patches in the study area. Although the bulk joint density is a 
function of the lithology, the density of the individual sets is a more a function of 
location. The spatial variation forms domains in which individual sets predominate. 
These domains are in some cases bound by normal faults. 
 
4.5 Discussion 
 
4.5.1 Limitations and possibilities of the data sets 
 
We used Landsat and Quickbird data for mapping the fracture and fault system at 
0.7 m ground resolution (Figure 11). This produced a data set of more than 145,000 
fracture lineaments and 562 faults in an area of less than 32 km2. 
Ground truthing shows that large aperture vein systems (a few centimeters aperture 
and more) and cemented faults in the predominantly dark grey carbonates are 
consistently imaged on satellite data (Figure 8, Figure 10), but the visibility of the 
data set is a function of color of the wall rock (Figure 9).  
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Figure 19: Line density maps of fracture populations of different strike groups. The displayed strike 
directions are indicated by gray sectors on the rose plots on the right side of every map (Relative 
color bars are used based on the individual populations with a standard deviation contrast stretch, 
3x StdDev.; UTM-40N, WGS-84, grid increment is 4 km). 
 
 
114 
  
This causes some bias in the data set. Full quantification of this bias requires more 
fieldwork. In the areas studied in the field almost all joints visible on the satellite 
image were confirmed, validating our interpretations. We estimate that more than 
95% of the fractures and faults in our interpretation correspond to the correct 
features in outcrop. 
Since the aperture of the fractures is smaller than the image resolution, internal 
structures (segmentation, en-échelon structures) are not resolved. A line drawn on 
our interpretation can be a bundle of thin veins in the field, or a single thick vein. In 
addition, a very large number of veins which is too thin or not clustered to produce 
significant color contrast is therefore not mapped (Figure 10). Exceptionally long 
veins with large apertures are difficult to distinguish from low-offset faults.  
Keeping these limitations in mind, the results of our satellite image mapping are in 
excellent agreement with field observations. Integrating overprinting relationships 
and mm-scale structures from outcrop observations produces a well defined high 
resolution model of faults and fractures over a very large area. 
The dataset contains 145,000 fractures and 562 faults in an area of approximately 
31 km2 [section deleted] of outcrops of predominantly the Natih and Shu’aiba 
formation. Although the stress history of the local rocks is very different from those 
in interior Oman [section deleted] our study offers detailed high-resolution insights 
into the anatomy of fault and fracture sets in massive carbonate reservoirs buried to 
several km depth.   
 
 
4.5.2 Mechanical Layering 
 
Fracture spacing is commonly related to the thickness of mechanical layers in 
systems where the fractures are not re-sealed [23, 26, 59, 60]. Such a simple 
correlation of vein spacing and layer thickness was not apparent in our study, even 
though the thickness of mechanical layers was sometimes smaller than 1 m.  
At smaller scale, where the erosion surface cuts down over several layers visible in 
the Quickbird image, there is sometimes a clear change in fracture pattern at the 
contact between layers. The large scale fracture density however seems to remain 
virtually constant over larger areas. One possible explanation for this is related to 
the crack-seal model proposed (as proposed in Holland et al., submitted to 
GeoArabia), where fractures are quite effectively sealed by vein cement before new 
fractures form. Vein density is therefore determined by the mechanical properties of 
the (re-sealed) host rock, but also by the properties of the plumbing system in the 
high pressure cell in which the fluid pressures are build up and locally released [18, 
19]. 
 
 
4.5.3 Fault distribution 
 
An anastomosing network of in total 562 faults is interpreted on the satellite image. 
The main strike is 100°. The lengths of interpreted faults show a power law 
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distribution down to 300 m. Faults shorter than this are underrepresented with 
respect to the theoretical distribution. This may relate to a real property of the fault 
system, but it is more likely that faults with a length of less than 300 m are not 
recognized by the interpreter due to a number of reasons:  
 
(1) The fault does not show significant throw to produce a visible juxtaposition.  
(2) The fault does not show significant throw to produce a wide enough damage 
zone to be classified as such and is interpreted as fracture. For example, the low-
offset faults can consist of a flexure, with a minor localized fault zone. The pattern 
of small cemented fractures distributed over such a wide zone may not produce a 
distinct enough signal for remote sensing interpretation. In addition, some normal 
faults evolve by reactivation of preexisting veins [29], and at small offset these again 
will be interpreted as fractures. This could explain the long veins striking 130° 
(Figure 16a).  
 
 
4.5.4 Fracture distribution 
 
As discussed above, not the entire population of the fractures can be interpreted in 
the high resolution Quickbird satellite image, as the detection limit is a function of 
the fracture aperture and the optical material contrast (Figure 9).  
 
This effect is enhanced close to the major fault systems in the mapping area. The 
wide damage zones of some fault systems show dense networks of cemented 
fractures below the optical resolution (e.g. Figure 10). These “invisible” fractures 
increase the overall brightness and inhibit the interpretation of veins that formed 
prior to the faulting (Figure 18a, b). A similar bias is caused by uncemented 
fracturing that locally increases erosion and weathering or promotes the 
accumulation of rubble and soil. All the latter processes influence the optical 
properties of the mapped rock surface. 
 
A population of more than 145,000 interpreted veins and joint lineaments allows 
deriving a number of plots characterizing the fractures in respect to their directional 
distribution and their spatial distribution (Figure 17). Orientation distribution of the 
fractures shows four major groups, produced in an anticlockwise rotating stress 
field, in agreement with field observations and in agreement with the model 
presented in the companion paper, of complete re-healing of fractures before the 
formation of a new generation. This model, combined with the fracture maps 
presented in this paper, implies a major rotation of permeability anisotropy in this 
system over geologic time. This anisotropy mush have been very strong, as only one 
fracture set was open at any given time, so that connectivity by crosscutting open 
fractures was not formed. 
As in the field, abutting or curvature of interacting fractures is not present. The most 
prominent group of fractures strikes at 130° and shows a large directional variance 
(Figure 17). Confirmed by ground truthing the other groups strike 000˚, 090˚ and 
045˚. Minor distortion due to aliasing effects are visible close to these peak 
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directions (Figure 17). Densities of the individual fracture sets (Figure 19) have a 
heterogeneous distribution with the higher density patches having a characteristic 
size of about 1 km. Some patches are bound by normal faults, which juxtapose 
different layers with apparently slightly different fracture densities. In other areas the 
boundaries of the fracture patches are not clearly related to layer transitions, and are 
interpreted to represent true lateral variations, similar to the formation of local 
patches in sandstone [61]. Ongoing work is aimed at quantifying this more 
accurately. 
An interesting aspect is that although the individual fracture sets have 
heterogeneous densities, the bulk density is rather homogenous. Although we do 
not see direct indications for mechanical interaction of the joints like abutting or 
curving [e.g. 27, e.g. 53] within the study area, a weak mechanical interaction is 
inferred from detailed study of some of these vein systems [62] which affects on the 
evolution of the normal faults  and reactivation of the veins [29]. 
 
 
4.5.5 Conclusions 
 
High-resolution mapping of remote sensing data on the southern flank of Jabal 
Shams in an area of 31 km2 identified more than 145,000 fractures and 560 faults 
(Figure 12, Figure 18). Ground truthing the satellite image interpretations with field 
observations confirms that the fractures are isolated veins or vein bundles (Figures 8 
and 10, and [29].  
 
We observe four generations of veins (Figure 15) that lack a strong mechanical 
interaction as abutting and curving is not observed in the study area. This suggests 
rapid cementation and the restoration of the rock strength.  
These fracture generations show high and reasonably constant densities over the 
whole study area, in the Natih and Shu’aiba formations.  
The density distribution of the individual vein sets is not strongly dependent on 
lithology within the major carbonate units (Figure 18). Density of the individual sets 
within a major carbonate unit is laterally heterogeneous (Figure 19). This suggests 
phases of jointing in patches, followed by rapid healing of the fractures with calcite 
cement.An anastomosing network of normal faults overprints the joints. Incipient 
faults locally develop by reactivation of preexisting veins [29].  
The characteristics of this high-resolution model can be applied to analogous 
subsurface settings, to predict the spatial distribution of faults and fractures. 
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5 Evolution of anastomosing crack-seal vein 
networks in limestones: insight from an exhumed 
high pressure cell, Jabal Shams, Oman Mountains1 
 
 
5.1 Abstract 
 
We studied a special type of zebra carbonate in limestones of an 
overpressure cell exhumed from about 5 km depth, in outcrops 
on Jabal Shams, Oman Mountains. The rocks show 
anastomosing patterns of regularly spaced calcite veins in dark 
grey, fine-grained carbonate; microscopic observations reveal 
these as dense bundles of much finer veinlets, typically 10-50 
μm thick. The vein bundles are up to 5 mm thick, they contain 
multiple sub-parallel arrays of host rock fragments embedded in 
the coarse-grained vein calcite. We interpret these structures as 
a result of numerous mechanically effective crack- and reseal 
events together with strong growth-competition or 
crystallization from sparse nucleation sites. Cementation 
produced mechanically strong veins so that new fractures were 
localized along the vein/rock interface or within the matrix 
itself. We present simple conceptional models relating 
mechanical strength of the vein and the morphology of the 
resulting vein network. 
 
 
5.2 Introduction 
 
In this study we discuss a rock texture of networks of brightly colored, thin calcite 
veins in a dark carbonate matrix. Such a macroscopic impression is commonly 
described by the term “zebra-rock”. This texture can be produced by a number of 
different processes [e.g. 1, 2-7]. At a range of  scales in our samples the zebra rocks 
contain an extremely dense network of anastomosing veins, which we interpret to 
have formed by crack-seal processes [8-16]. The exceptional high density of healed 
fractures and the corresponding pattern raise questions on how this special form of 
zebra pattern was formed. We attempt to explain the genetic conditions and present 
simple conceptual models that discuss the role of cementation in restoring the rock 
strength.  
 
                                                 
1 Marc Holland, Janos L. Urai, in review process with  Journal of Structural Geology 
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Figure 1 – Location of the outcrops of the zebra patterns on the southern slope of Jabal Shams. 
Interpreted faults and sample sites are superimposed on a geological map (Ws=Wasia Grp; 
Kh=Kahmah Grp; Lined section are nappe units; Box indicates section interpreted, WGS-84 map 
datum.)  Changed after Beurrier et al.  [17]. 
 
5.3 Description 
5.3.1 Geological framework  
 
The samples of this study were collected on the southern flank of Jabal Shams in the 
Oman Mountains. The Oman Mountains are part of the Alpine-Himalayan chain and 
show a complex multiphase deformation [e.g. 18, 19-25] of which details are still 
unclear [e.g. 26, 27-34]. The area exposes carbonates and mudstones that belong to 
the ‘Autochthonous’ Hajar Supergroup. The rocks of this group were deposited in a 
predominantly passive margin environment [21, 25, 35]. The autochthonous group 
was subject to a multiphase deformation related to the convergence of the Arabian 
and the Eurasian plate, which led to the emplacement of two large nappe units after 
a phase of flexure of the lithosphere that caused local uplift of the Arabian plate 
margin [20, 24, 25, 36-38] followed by burial to several kilometers depth under the 
load of the Hawasina and the Semail Ophiolite nappes (Campanian and 
Maastrichtian) [21-23, 26].  
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Figure 2 – Irregular vein segment 
showing host rock flakes incorporated 
at different sections. The lower part of 
the vein shows how the massive 
fracture splits into numerous fine 
veins. Location 174. 
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The nappe emplacement stopped after subduction of buoyant lithosphere, leading to 
a time of tectonic quiescence. The large wavelength folds of the Oman Mountains 
and the exhumation of the rocks are the result of  a more recent phase that started 
in the Tertiary, continuing until today caused by the ongoing convergence of the 
Eurasian and Arabian plate [21, 26, 39]. The metamorphic gradient in the exposed 
rocks decreases towards the Southwest with Anchizone conditions in the area of 
Jabal Shams [26]. 
This multiphase orogenesis caused the formation of several generations of fractures 
and faults that are all cemented with calcite and minor quartz [22, 23, 40]. Hilgers et 
al. studied veins in the Jabal Akhdar anticline, established overprinting relationships 
and reported stable isotope analyses of the cements. These authors concluded that 
the first generations of veins filled fractures in a rock-buffered environment with 
fluid pressures close to lithostatic.  
Holland et al. studied veins  in the SW of the Jebel Akhdar anticline, near Oman’s 
highest peak Jabal Shams [23, 40]. They showed that these first generation veins can 
be further divided into at least four sets of bedding perpendicular veins. 
These four sets show no signs for mechanical interaction; abutting of veins is absent 
and Holland et al., proposed that the fractures were consistently cemented prior to 
the formation of new ones.  
These first generation bedding- perpendicular veins were overprinted by veins 
formed in bedding-parallel shear zones. Hilgers et al. interpret these veins to have 
also formed in a rock-buffered environment with pressures close to lithostatic.  
The isotopic signature of veins changes in the next generation veins that are 
associated with dilatant normal faults [22]. The isotopic signature of veins in these 
normal faults shows evidence for meteoric fluids, suggesting that the normal faults 
drained the high-pressure cell [18, 22, 23]. 
 
 
5.3.2 Outcrops 
 
The zebra textures presented in this study are found in outcrops of the Kahmah and 
Wasia groups exposed near Jabal Shams in the Oman Mountains. The metamorphic 
conditions of the area correspond to the anchizone with the onset of pressure 
solution and the evolution of cleavage in phyllosilicate-rich lithologies [26]. The 
zebra veins are found in fine-grained carbonates. They are oriented normal to the 
bedding and are therefore interpreted to be part of the first generation veins. 
Outcrops with zebra veins are not common, the pattern of their occurrence is not yet 
clear. We note however that the seven outcrops we studied are also located within a 
few tens of meters to the later normal fault zones [23] (Figure 1). Therefore it is 
possible that the zebra veins were also related to the late normal faulting event. 
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Figure 3 – Macroscopic photographs of zebra textures identified in the field. (A) Massive vein 
terminates with numerous fine veins branching off. Scale bar is approx. 1 cm; Location 174 (B) 
Isolated irregular vein segment made of a dense network of smaller veins; these taper into the 
host rock. Location 83. (C) Isolated pull-apart vein segment associated with a dense zebra 
texture. Location 83. (D) Vein termination into numerous vein segments. Location 83. 
 
 
The zebra veins are oriented normal to the bedding.  In some cases the thick (up to 
10 cm) veins grade laterally into zebras as the thick veins bifurcate into the 
subparallel strands of the zebra texture.  
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Figure 4 – Scanned samples prior and after staining with Alizerin and Potassium Ferriycanide III dilution. 
The moistened samples illustrate the variety of differently sized veins. The staining shows a homogenous 
coloring of pink to brownish colors indicating non-ferroan calcite material (All samples from location 83; 
Scale bars are all 2 cm wide). 
 
The zebra vein network may either fade into intact rock or form a transition zone 
towards another massive fist generation vein (Figure 3a, d, Figure 2).  When the 
interconnected veins are not aligned, the zebra veins in between commonly show 
curved trajectories.  
The patches of zebra veins are typically in the order of a few centimeters to several 
10’s of centimeters wide. The bands of bright veins in the pattern are subparallel or 
show a braided pattern causing an irregular macroscopic appearance (Figure 3 a, b, 
Figure 2).  
 
 
5.3.3 Samples  
 
 
From the outcrops samples with zebra textures were collected for micro-structural 
and geochemical analysis. The samples were cut perpendicular to the veins and 
polished. After drying, the specimens were stained with an Alizarin and Potassium 
Ferriycanide III solution to show iron content and Ca- vs. Mg-content [41-43]. The 
stained samples show pink to brown colors indicating non-ferroan calcite. No 
evidence for pervasive dolomitization or other means of zonation is present among 
the stained samples (Figure 4). Thin sections were made for micro-structural analysis 
and cathodoluminescence (CL). However none of the samples showed CL zonation. 
Stable carbon and oxygen isotope data was collected from different generation veins 
and the rock matrix. The few data points from the zebra veins show an isotope 
signature that is very similar to that of the surrounding matrix ( 
Table 1).  
e in 
e term “veinlet”, whereas we call 
 
 mm and 10 μm, the box-counting shows a power-
law relationship (Figure 6) [44]. 
 
The pattern of the zebra veins changes with scale of observation. Down to 0.1 mm 
scale, subparallel or braided veins are apparent. At larger magnifications the pattern 
of the vein network shows a clear increase in complexity (Figure 5). The macroscopic 
veins are locally made of bundles of much smaller veins. The smallest of these ar
the order of 10-25 μm, for which we will use th
bundled veinlets or thicker elements “veins”. 
To describe the complex pattern of the veins at the scale of a thin section, a box-
counting algorithm is applied. A threshold filter produced a binary image on which 
the algorithm counts the amount of boxes containing vein elements, at different box
sizes.  Between scales scale of 10
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Specimen Description δ13C [PDB] 
δ18O 
[VSMOW] 
δ13CV/ 
δ13CM 
δ18OV/ 
δ18OM 
w02 matrix 3.61 25.95   
w02 n3 vein 3.79 25.98 1.05 1.00 
w02 s2 vein 3.82 25.96 1.06 1.00 
vein s2 vein 2.59 27.89   
w01 matrix 3.87 26.11   
w01 v1 vein (coarse) 3.90 26.29 1.01 1.01 
w01 v1 vein (fine) 3.89 26.22 1.01 1.00 
w03a matrix 1.72 25.92   
w03a n3 vein (infill) 1.20 27.04 0.70 1.04 
w03a n3 vein 1.91 26.13 1.11 1.01 
0607 zebra vein 3.36 26.09 0.93 1.01 
0607 zebra matrix 3.62 25.76   
0610 s2 vein 3.22 28.67   
0610 v1 vein -0.16 27.58   
0611 v3 vein 3.25 25.85   
e08 n3 vein 2.67 26.26 1.04 0.98 
e08 matrix 2.58 26.72   
e02 s2 vein 3.54 27.32 1.02 1.02 
e02 matrix 3.49 26.88   
0607 zebra vein 3.34 26.07 0.92* 1.01* 
0607 zebra vein 3.35 26.03 0.93* 1.01* 
w03b n3 vein 1.78 26.87   
w03b n3 vein (infill) 0.87 27.37   
e01 n3 vein 3.24 26.45   
e015 n3 vein 2.41 26.76   
15E n3 vein 2.10 17.30   
15E n3 vein (infill) 3.08 25.63   
18 n3 vein 2.80 20.56   
18_2 n3 vein (infill) 2.63 23.38   
0606 s2 vein 2.13 27.25   
w03a n3 vein 3.05 22.71   
w03a n3 vein 3.00 24.84   
wn01 n3 vein 2.09 27.67   
0606 n3 vein 2.62 20.77   
0609 n3 vein 1.58 21.26   
e03 n3 breccia 3.05 27.18   
e07 n3 vein 3.05 26.85 0.99 1.01 
e07 matrix (frag.) 3.08 26.56   
e07 n3 breccia 0.80 26.87 0.26 1.01 
0607c zebra vein 3.36 26.12 1.01 1.01 
0607c matrix 3.33 25.82   
wn04 v1 vein 1.37 27.59   
 
 
 
 
Table 1 - Stable isotope data of matrix and the zebra veins.  The 
values are similar as shown by the isotope ratios of vein/matrix in the 
last two columns. This indicates a rock buffered system. 
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Figure 5 – Scanned thin sections of selected samples show the dense vein network of the zebra 
textures. The veins show an anastomosing geometry with intense branching. (All samples from 
location 83; scale bar is 5 mm; histogram stretch applied) 
 
 
The thick veins of the network are approximately 5 mm wide and are 
macroscopically visible. The thin sections show that the thick veins invariable splay 
into branches with large variation in branch width and shape with undulating and 
sometimes angular morphologies (Figure 5). The smallest veinlets have apertures in 
the order of 10-25 μm, defining the lower limit of the self-similar pattern. 
Observations on isolated veinlets within the matrix show them to be trans-granular. 
Crosscutting is seldom observed and abutting at a high angle is absent among the 
veins and veinlets. The thick veins show sub-parallel arrays of wall rock inclusions, 
giving them a laminated appearance (Figure 7). Branching of vein arrays or isolated 
veinlets from the thick bundles is apparent (Figure 5, Figure 7). Segments of isolated 
veins with an oblique angle to a bundle tend to show curve shapes towards the 
contact. The veinlets thus merge with the bundles rather than abutting or cross-
cutting these.  
The calcite cement of the vein network is made of blocky calcite grains with 
occasional twinning. Fibrous calcite is absent. In thicker vein sections, there is no 
evidence for growth competition normal to the fracture walls as the grain boundaries 
are approximately normal to wall [45-47]. We found no evidence for grain boundary 
migration recrystallization [47].  
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Figure 6 – Box-counting results on the fractal dimension of the vein pattern of sample 0563 
shown in Figure 7b. A binary image (A) obtained by a threshold filter applied to the thin section 
(2048×1024 pxl.) was analyzed with a box-counting algorithm using 20 different integer box 
sizes. The box counting curve (B) shows an approximately linear relationship with a fractal 
dimension of D=1.89. True dimensions are given on the upper axis. 
 
 
The individual veinlets consist of calcite grains that stretch from wall to wall. The 
length of the grains parallel to the walls is several times the width of the veinlet 
(Figure 8a). In braided sections the calcite grains commonly extend into the different 
branches (Figure 8b) or across parallel stacks of the solid-inclusions. 
 
5.4 Interpretation 
 
In this study we investigated a texture of densely spaced calcite veins within a dark 
carbonate rock. Macroscopically this banded character can be classified as zebra 
texture [e.g. 1, 2-7]. Although found close to normal faults (Figure 1) a genetic 
relation of the zebra veins to the faults is unclear and we interpret these structures 
to belong to the first set of bedding-perpendicular veins in the area. The stable 
isotope values of the zebra veins are similar to those of the adjacent wall rock. (
Table 1
 
). 
The zebra pattern consists of thin veinlets branching and merging, with abundant 
elongated host rock or solid inclusions. Macroscopically only the massive bundles 
are visible (Figure 4c, Figure 5).  
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Figure 7 – Subsets and overview of the thin-section 0563 from location 83. (A) The vertical vein shows 
multiple inclusions of the wall rock material. Scale bar is 500 μm, plain light.  (B) Overview of the thin 
section with a dense vein network; boxes show the location of the subsets. Scale bar is 5 mm, plain light. 
(C) Subset of the thin-section observed with parallel polarizer. The vein consists of multiple parallel 
segments evident by inclusions of wall rock material. (D) Crossed polarizer of previous image show that 
grains span several generations of wall rock inclusions. Scale bar is 500 μm. showing the bundling of 
individual veinlets to an anastomosing network. 
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Figure 8 – (A) Thin section image with CPL showing the wide lateral extents of single calcite 
grains (arrow). (B) Thin section image with CPL of a large calcite grain (dotted) spanning several 
veinlets. Sample 0563; all scale bars are 200μm. 
 
 
 
The trajectory of individual veinlets merging with a vein bundle is shown by the 
arrangement of the solid inclusions separating the veinlets within the bundle (Figure 
7). These lensoid matrix fragments form sub-parallel discontinuous bands with a 
regular spacing. This extremely dense (supersaturated) fracture network could not 
have been formed in a single catastrophic event as the matrix fragments would have 
settled and accumulated at the bottom. We interpret that the dense anastomosing 
network was formed in a long series of crack-seal events forming the regular 
arrangement of the fragments into the sub-parallel bands [14].  
We interpret a single event to form a single or a few 10-50 μm wide fractures 
simultaneously. These fractures are required to heal until further fracturing occurs to 
avoid the collapse and gravitational transport of fragments. The location of the 
fractures is evident by sub-parallel host-rock flakes within the vein bundles.  As with  
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Figure 9 – Conceptional model for the formation of the zebra pattern. An intact section of rock 
(A) forms a single fracture (B). Within the fracture (C) nucleation of calcite crystals occurs on the 
fracture walls. In an extreme growth competition a few crystal grains prevail within the cement 
marked by dark gray (D). Renewed fracturing may rupture the previous veinlet (E) and the 
growth competition starts again (F). This process (G) could explain that single cement grains 
extend into numerous branches of the vein network (Simplified model; not to scale). 
 
the structures described by Renard et al. [14] the aperture of the individual veinlets 
appears to be rather constant (Figure 5, Figure 7), whereas the anastomosing pattern 
and the bundling of the structures leads to the impression of a self-similar system 
(Figure 6). The individual veinlets show irregular shapes or trajectories and do not 
show evidence for cross-cutting. We interpret them therefore to have formed in a 
subcritical mode.  
We interpret the formation of the zebra texture to relate to the mechanical 
properties of the vein’s cement: all our observations indicate a constant restoration 
of strength across the fracture. The veinlets are trans-granular suggesting that 
during their formation the matrix was already consolidated. The veinlets show an 
affinity to curve to or merge with the vein bundles and to interact with the 
vein/matrix interface. The veinlets only seldom cross-cut each other, indicating a 
high strength of the vein’s cement. On the other hand the interface of vein and 
matrix must have had sufficient strength to allow host rock fragments to fail rather 
than breaking the bond of the interface itself. 
 
 
5.4.1 Formation of the vein network 
 
In what follows, we present a simple model to explain the formation of the vein 
network in a dynamic system of multiple crack-seal events.  
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5.4.1.1 Cementation of the network 
 
A cementation cycle is interpreted to consist of the following stages: 
(1) Individual cement grains grow to sizes much larger than the individual veinlets, in 
extreme growth competition (possibly starting from sparse nucleation sites) after the 
formation of a fracture (Figure 9b) (Figure 9c). This suggests that the crystals grew 
into an open void [48-50]. (2) Large parts of the fracture are healed prior to a new 
fracture event (Figure 9d). (3) Renewed failure occurs not within the vein (Figure 9e) 
but adjacent to it as the newly formed vein is stronger than the matrix [51]. The new 
fracture may cut/touch the cement of the previous veinlet as well as the matrix with 
a sub-parallel trajectory. (4) The growth competition continues (Figure 9f) and 
reseals the newly formed fracture (Figure 9g).  This kind of growth-competition 
allows individual cement grains to grow laterally and into different branches within a 
crack-seal system. 
 
5.4.1.2 Mechanical properties of crack-seal system 
 
We now ask the question: what controls the location of the next fracture after sealing 
of the previous one? The pattern created by successive fracture and sealing events is 
illustrated with the following model. 
The location and trajectory of the newly formed fractures is interpreted to be 
affected by two factors: (i) The ratio between the strengths of the cement, the matrix 
and the interface, and (ii) the distribution or heterogeneity of these material 
properties in the system.  
 
 
5.4.1.3 Effects of different strength ratios of matrix, cement and interface. 
 
The three mechanical components of a crack-seal system are: The matrix (M) -which 
we assume for our model to be isotropic and homogeneous, the vein’s cement (C) 
and the interface (I) between the matrix and cement.  
Differences in the tensile strength (T) of the three components will impact the 
geometry of the system during successive crack-seal events, as illustrated by five 
examples in Figure 10. Extensive crosscutting is expected when the strength of the 
elements is approximately the same (Figure 10, case 3, T
c
=T
I
=T
M
). A random pattern 
evolves, as the material strength is continuously restored in a homogenous manner. 
If however the strength of one element deviates slightly from the others an 
anastomosing and branching pattern is expected. 
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Figure 10 – Conceptional model on the impact of the mechanical strength of matrix (T
M
), vein 
cement (T
C
) and the interface (T
I
) on the formation of successive fracture and healing events. 
Cases 1-5 are explained in the text and represent successive stages (Simplified model; not to 
scale; see text for details) 
 
 
If the vein’s cement is the weakest element (T
c
<<T
I
, T
M
), the formation of new veinlets 
is likely to be focused on the first existing vein (Figure 10, case 1) [Fig. 8 in 47]. The 
location of the newly formed fractures in the preexisting vein is not well defined 
since the material properties are the same (T
c(n+1)
=T
c(n)
). Successive events with these 
conditions will form stretched crystals. 
The opposite applies if the matrix is much weaker than the interface or the cement 
(Figure 10, case 2, T
M
<<T
C
, T
I
). Here the fracturing is mainly focused on the matrix 
[11, 51]. The veinlets within such a system will rarely crosscut each other, as a sub-
parallel but random pattern develops.  
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Figure 11 – Conceptional model on the cementation of a fracture with extreme growth 
competition (A) and without extreme growth competition (B). Note that with the growth 
competition the fracture is quickly healed at isolated locations. The cementation then spreads 
laterally increasing the mechanical strength. Until complete healing a heterogeneous strength 
distribution is apparent.  Without the extreme growth competition the fracture is cemented 
evenly. Mechanical healing occurs at a much later stage (Simplified model; not to scale; see text 
for details). 
 
For the case that the cement is slightly stronger than the other elements (Figure 10, 
case 4, T
c
≥T
I
, T
M
) the veinlets will form preferentially in the matrix or along the 
interfaces, rarely crosscutting the slightly stronger veins. Fractures that propagate 
obliquely towards a vein are likely to curve and touch the interface in sub-parallel 
trajectory. This will form an anastomosing pattern. The branching is common due to 
the strength similarities of the three materials. Depending on which element is 
strongest the affinity of the veinlets to form either in the matrix, along the interfaces 
or within the veins changes.  
A fifth case is imaginable in which the strength of the interface is significantly 
smaller than the other two materials (Figure 10, case 5, T
I
<<T
C
, T
M
). Such a case is 
e.g. a different mineral phase within antitaxial veins [14, 47, e.g. 52]. Failure within 
such a system is localized to the interface leading to parallel inclusion bands 
forming consistently at the interface. Based on this model the observed zebra 
patterns with the prominent anastomosing pattern fall somewhere between case 2 
and 4. The veins preferentially form in the matrix and along the interfaces. The 
higher strength of the cement prevents cross-cutting of the veinlets and the similar 
strength of matrix and interfaces leads to the braided network observed in the zebra 
patterns. 
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5.4.1.4 Cement distribution or lateral distribution of the strength 
 
Another explanation for the formation of the anastomosing pattern could be 
incomplete healing which leads to lateral changes in the strength of the interface 
between vein and matrix [53]. The healing of a fracture within a growth competition 
environment or spare nucleation sites is laterally heterogeneous as opposed to a 
fracture sealed without these factors (Figure 11). The average opening of a fracture 
in our samples is in the order of 10-50 μm only. With the proposed growth processes 
the growth front of the cement is not parallel to the fracture wall. As a few individual 
grains seal the fracture locally, the growth front will spread laterally (Figure 11a, 
Figure 12b-d). From early stages on, sealed parts co-exist with unsealed parts.  
This is in contrast to a system without in which the fracture aperture is reduced 
evenly by a growth front parallel to the fracture wall [50] (Figure 11b). The latter case 
(Figure 11b) shows similar mechanical conditions along the entire fracture over a 
long time until the cement fronts touch each other at later stages. With the growth 
competition observed in the zebra patterns, parts of the fracture could have been 
effectively healed, whereas other parts remained open (Figure 12d) [53]. This would 
lead to heterogeneous mechanical properties along the fracture surface. If renewed 
failure occurs prior to the complete healing of the fracture the open sections (or 
areas of low-bond strength) will presumably dictate the trajectory of the new fracture 
(Figure 12e).  
 
5.4.1.5 Timing of failure 
 
It seems clear that in the rocks studied here the fractures are partly or completely 
healed prior to a successive fracturing event. This suggests that the healing process 
(the growth of cement crystals) is faster than the rate of increase of stress capable to 
rupture the healing vein [Fig. 13 in 45]. Within a crack-seal cycle the system shows 
the lowest strength with the formation of the crack. At this stage the fracture is 
prone to localize further strain. Localization is however not observed, as the 
apertures of the individual zebra veinlets are approximately the same. Strain along a 
newly formed fracture does not occur until the formation of a new fracture requiring 
that large parts have been sealed and the mechanical strength is at least partly 
restored. A possible explanation for this cyclic behavior could be a cyclic fluid-
pressure build-up and release in the very proximity of the newly formed fracture as a 
result of its formation [12, 53, 54]. 
Similar to the crack-seal textures described and discussed by Renard et al. [14] we 
interpret this supersaturated vein network to have formed within a constant remote 
stress field rather than by events of different magnitudes like e.g. earthquakes. This 
is reflected by similar veinlet apertures. We interpret the large amount of individual 
veinlets to relate to a negative feedback system of continuous build-up and release 
of fluid pressure in a small-scaled self-sealing system. [12, 54, 55].  
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Figure 12 – A possible explanation for the sub-parallel anastomosing network of veinlets is 
related to the lateral growth of cement crystals. With the formation of a fracture in the material 
(A, B), the proposed growth competition leads to rapid cementation of the fracture. The cement 
grains quickly seal parts of the fracture (C) leading to effective local bonds, while other parts of 
the fracture remain unsealed. With prolonged cementation (D), the grains grow laterally filling 
the fracture, increasing the strength of the system. If rupture sets in before the fracture plane 
is entirely cemented, uncemented areas (circles) may dictate the trajectory of the newly formed 
fracture (E). This process repeated (F) could form a supersaturated anastomosing network of 
veinlets (Simplified model; not to scale). 
 
 
5.4.2 Conclusion 
 
The zebra textures described in this study are interpreted as an anastomosing crack-
seal pattern forming patches of extremely high density (supersaturated) vein 
networks. The applied analysis (EDX, cathodoluminescence, stable isotopes and 
staining with Alizarin and Potassium Ferricyanide) showed no indications for 
chemical zonation, suggesting a homogenous, presumably rock-buffered system. 
The governing processes are characterized by the growth of a few calcite grains that 
prevail within a veinlet and seal it over large distances. The process creating such 
grains can either be extreme growth competition or a sparse distribution of 
nucleation sites along the fractures, both leading to an effective but intermittent 
healing of newly formed fractures. Localization to a single fracture is prevented by 
sealing with strong calcite cement. It is unclear if the period of healing between 
successive fracturing events is related to a fluid-pressure drop with the formation of 
a fracture. In such a case the zebras could document a continuous feed-back system 
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of cyclic crack-seal and pressure-build up and release events [12, 14, 54]. The 
anastomosing pattern observed in the zebras is interpreted to be a result of the 
mechanical properties of cement, interface and matrix or the incomplete healing as 
an effect of growth competition.  
 
The textures observed and the models presented in this study are so far 2D 
representations only. It is unclear what the zebra textures look like in 3D and how 
fluid flow conduits evolve within such a self-sealing system. Although the formation 
of the vein network is interpreted to be the result of numerous fracturing events, the 
connection of the zebra patches and the adjacent massive veins raises the question 
of the larger scale bulk permeability and strength of this system. 
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Figure A-1 – The concept of anastomosing vein patterns presented in the previous 
study are applicable to other lithological systems as well. This example was found 
by Janos L. Urai at the Rursee reservoir lake/Eifel. It shows a series of slices from 
a siliclastic material rock in which the veins show the same affinity to merge and 
bundle rather to cut each other or to localize in a single strand. The length of the 
individual samples is approximately 20 cm.
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6 Evolution of fractal dilatant fracture networks in 
normal faults – evidence from 4D model 
experiments1 
 
Dilatant segments of normal fault zones are widely recognized 
as major pathways of fluid flow in the upper crust, but the 
structure of these fracture networks in 3D, their connectivity and 
their temporal evolution is poorly known. Here we show, using a 
series of CT volume scans of a scaled physical model, how the 
dilatant fracture network evolves in a normal fault zone, as a 
complex self-organizing system with self-similar geometry. 
Dilatant jogs initiated along the evolving fault plane coalesce 
into a fractal percolating volume (F
d
=1.91). The fracture volume 
increases non-linearly with progressive displacement as the 
velocity of the fault blocks diverges from the master fault 
orientation and the normal stress on the fault decreases 
correspondingly. This process continues until the system 
triggers the formation of antithetic faults, with a corresponding 
decrease in the rate of fracture porosity creation. We propose 
that the processes and geometries in our model are relevant to a 
wide range of normal fault zones in nature.     
 
 
Fault zones occur at a wide range of length scales; they are first order mechanical 
discontinuities in the Earth’s crust and form major barriers or conduits for fluid flow. 
In parts of the upper crust where the compressive strength of rocks is much higher 
than the mean effective stress, deformation in releasing sections of normal faults is 
massively dilatant and generates open fractures.  These are major pathways for fluid 
flow even in close- to hydrostatic fluid pressure regimes. Examples are basalts, 
cemented carbonates, crystalline rocks, and cemented mudrocks (in the deeper parts 
of sedimentary basins where diagenetic processes have led to a strong increase of 
compressive strength[1-6]). Dilatant fractures can also be formed deeper in the crust 
where total stresses are much larger but fluid pressures are close to lithostatic. In 
such cases, fault-valve processes and invasion percolation[2, 7-9] become important. 
Networks of open fractures are difficult to access or image in 3D, so that their 
connectivity and temporal evolution is poorly known[10, 11].  
Here we focus on the evolution of physical models scaled to represent rocks in which 
open fractures can form in normal fault zones. We ask the question if, and how the 
dilatant segments commonly observed in normal fault zones connect in 3D during 
progressive deformation, and what the geometry of such fracture networks can be. 
 
                                                 
1 Manuscript in review, Marc Holland, Heijn van Gent, Loïc Bazalgette, Najwa Yassir, Eilard 
Hoogerduijn Strating and Janos L. Urai. This study was financed and largely carried out at Shell 
SIEP Rijswijk/Netherlands, supervised by Loïc Bazalgette and Najwa Yassir. Aspects of the 
material properties and mechanical behavior are contributed by Heijn van Gent. Discussions 
on aspects of dilatancy are partly introduced to this manuscript by Eilard Hoogerduijn Strating 
and Janos L. Urai. 
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Figure 1 - Visualization of the experiment showing the development of the fracture network in nine 
successive deformation stages. The topmost 3 cm as well as the outermost parts are cropped producing 
volumes of 522×512×302 voxels. The upper pictures show grayscale images of the outer surface of 
volume from the computer tomograph, the lower pictures display the isolated void volume. Note the  
propagation of irregular void volumes until after 7 mm offset vertical connectivity is reached  (Extent of 
subset ‘b’ shown in Figure 2; Bright interlayers in the CT volumes are thin passive marker layers of high 
density barite powder; See text for details). 
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Figure 2 – Statistical analysis of the void characteristics throughout the ten deformation stages 
obtained on subset ‘a’. The number of interconnected void clusters increases until 5 mm offset 
and drops as these coalesce at 7 mm offset, forming the first percolating feature. Inset shows 
the location of ‘b’ subset used for visualization and the ‘a’ subset used for statistical analyses 
excluding the outer margins. 
 
 
The physical model consists of 15 cm thick package of fine grained cohesive 
powder[1, 12] (CaSO
4
 • ½ H
2
O) with a depth dependent tensile strength and 
cohesion[12]. The powder’s tensile strength and cohesion are high in comparison 
with the mean stress in the model[1, 12-14]. The model is deformed above a rigid 
basement containing a 60° dipping normal fault (basement fault). At successive 
deformation stages the radiological density was imaged using a Siemens ‘Somatom 
Sensation’ computer tomograph for the acquisition of a 4D dataset. 
A series of processing steps included cropping the data sets and isolating the void 
voxels. Clusters of less than four interconnected voxels were excluded from the 
analysis. Assuming interconnectivity of the voxels for face-to-face and edge-to-edge 
bridging, we visualized and analyzed the progressive development of fault-related 
tensile fractures and dilatant segments which form the interconnected voids in the 
deforming model. Based on the spatial resolution of the scanner (0.5 mm) and the 
radiological contrast of the materials, void apertures down to 130 μm (±30 μm) are 
resolved. Data is shown of the lower 80% of the experiment, (subset ‘b’, Figure 2, 
inset), whereas a smaller subset ‘a’ is examined for statistical analysis (Figure 2, 
inset). Avoiding edge effects, analysis of subset ‘a’ involved tracking the number of 
interconnected voids and their mean volume over time (Figure 2) 
 
 
At the onset of deformation, incipient strain occurs above the basement fault in 
shear and at the surface with mode I fractures propagating downward. This is 
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Figure 3 – After 7 mm offset a first feature is detected that spans subvolume ‘a’ vertically. Projected 
on a vertical plane, the horizontal opening of this percolating volume is up to 6 pxl (color bar with 
horizontal opening [pxl] applicable to the projection only). 3D box-counting on this fracture only 
shows a power-law pattern with a fractal dimension of approximately F
d
=1.91 (S is box length in 
pixel, N(S) number of returned boxes with void volume). 
 
 
followed by propagation of the master fault to the surface, and later by the initiation 
of an antithetic fault (Figure 1). In profile, all these faults are associated with 
numerous dilatant jogs. Processes modifying the dilatant volume are gravity-driven 
movement of fragments and reworking of asperities. 
 
 
Vertical connectivity along the master fault (in subset ‘a’, Figure 1) increases with 
fault displacement. The first continuous open fracture system at the scale of the 
model forms between 5 mm and 7 mm offset (Figure 1, Figure 3). The increasing 
structural complexity of the fault network is in good agreement with the evolution of 
the dilatant fracture volume. The total fracture volume increases progressively with 
offset, however the distribution of fractures is much more complex. Initially, the 
number of fractures increases strongly. Fracture coalescence and the onset of 
percolation leads to a drop in the number of individual fractures (Figure 2, throw=5-
7 mm, arrow). The initiation of the antithetic fault is linked to the formation of 
additional fractures, however without an increase in mean fracture volume (Figure 2, 
throw>7 mm). The percolating volume has a horizontal opening up to 6 voxels (3 
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Figure 4 – 3D box-counting on the open-mode volumes of subset ‘a’ show curves with linear 
segments. For smaller box sizes the system changes from a line pattern (1 mm offset), over a 
planar (3-5 mm offset), to a segmented volume pattern (10-25 mm). Although the last four to 
five stages show an increase in the detected volume, the sub-parallel distributions indicate no 
significant changes in the geometrical pattern (S is box length in pixel, N(S) number of returned 
boxes with void volume). 
 
 
mm, Figure 3). 3D box- counting on the isolated percolating volume yields a power-
law relationship (F
d
=1.91), suggesting fractal characteristics of the volume (Figure 3). 
Although dilatant jogs in profiles of fault zones can be relatively simple, this 
experiment shows that the 3D network along a fault plane has a complex self-similar 
geometry. 
 
The statistics of the complete dilatant fracture volume in subset ‘a’ of our model 
shows a gradual evolution (Figure 4). For box sizes larger than 30 voxels (edge 
length 15 mm) boundary effects (dimensions of the experiment) generates similar 
slopes, whereas the smaller box sizes produce linear curve segments indicating 
fractal characteristics. Extrapolation of the linear trend suggests self-similarity below 
the resolution of the scanner. Throughout the experiment the fractal dimension 
changes, shown by as a gradual increase in slope during the ten deformation stages 
when the system evolves from a segmented line (D<1), over a planar structure (D≈2) 
towards a fragmented volume (2<D<3).  
From approximately 7 mm offset on, the curves become sub-parallel. These late 
stages still show an ongoing increase in fracture volume but no further changes in 
the fractal dimension.  
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 Figure 5 - Kinematic scenario showing the evolution of 
the normal fault system: (A) The formation of early 
deformation features are oriented non-optimal to the 
kinematic conditions (white stippled line). (B) A curved 
master fault plane develops showing a divergence to 
the basement fault, which lowers the normal stress on 
the fault plane. (C) Due to an increase of shear strength 
in the hanging wall block, the system adapts by 
forming an antithetic fault, which temporarily readjusts 
the system with localized decrease or increase of the 
void volume along the master fault plane. 
  
 
The evolution of the dilatant fracture network in our experiment is controlled by the 
evolution of the stress field and the spatial variation of material properties. In this 
displacement-controlled boundary value problem the global stress field is 
heterogeneous[15] and the patterns of localization are not compatible with the 
simple kinematics of the basement fault, so that complex patterns of deformation 
evolve over time. In addition, in this non-stratified material the roughness of the 
fractures is influenced by material heterogeneity, creating irregular fracture surfaces, 
which can enhance the initiation of dilatant jogs.  
Earlier studies using PIV (particle image velocimetry) [12, 16] have shown that with 
progressive displacement of the master fault the mismatch in dip angles of the 
developing master fault plane and the 60˚ basement fault (Figure 5a) leads to 
divergence across the master fault. We infer that this helps the dilatant sections to 
grow and coalesce, in addition to the divergence caused by the materials’ dilatancy 
angle [17]. This is interpreted to cause a decrease of the normal stress on the master 
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fault (Figure 5b) and with an increase of shear stress in the hanging wall block, until 
the formation of an antithetic fault reverses these conditions and adapts the system 
temporarily to the kinematic framework (Figure 5c).  
 
 
The formation of antithetic faults is a commonly observed feature in extensional 
tectonic systems. Natural systems, which show fault networks that are not aligned 
optimally to the overall kinematic framework, are likely to show the described non-
linear cycles that repeatedly adjusts the system with cyclic changes of normal stress 
on the master fault plane. With differences in growth rates and cycle length, complex 
patterns of rupture and slip can form even without the effects of high fluid pressures 
[2, 7, 8, 18]. 
 
In previous studies of 2D sections we have shown that using simple scaling 
arguments, these experiments compare well with natural structures observable in 
basalts and carbonates. In this study, we have shown how the 3D dilatant fracture 
volume evolves over time, with the formation of fractal fracture networks.  
Keeping in mind the granular nature of our material, the thickness of the 
deformation zone and total fracture volume do not scale with the scaling ratio of the 
model.  However, based on the well known self-similar geometry of natural fractures 
over many orders of magnitude[19], we propose that the fractal geometries of 
dilatant sections found in our experiments are similar to the corresponding 
geometries in normal faults in nature, as observed in outcrops and wells  and 
suggested by patterns of seismicity [20-24]. In nature conditions, additional 
processes are important such as the filling by sediments carried by meteoric fluid 
flow, and chemical processes of dissolution and cementation. Therefore the fractal 
dimension of the dilatant fracture network will show additional complexity 
depending on lithology [25] and the effects of layering [4, 12, 19, 26]. Potential 
infiltration of fluid in such a network – either passive percolation of meteoric fluids 
downward or invasive percolation upwards – leads to complicated flow paths[7, 8, 
20, 22]. Although formed without the need of forced infiltration, fluid flow in such 
systems could lower the fault strength and trigger further slip [2, 3, 7, 8].  
 
Dilatant fracturing in fault zones where the compressive strength of rocks is much 
higher than the mean effective stress has been shown to be an important process. 
Our results provide constraints on the geometry and connectivity of these fracture 
networks in nature. 
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7 Outlook 
 
The fractures formed by failure of brittle materials usually form zones of significantly 
lower strength, thus concentrating further strain. This concept can be observed in 
many different systems (Figure 1, Figure 2) in which smaller fractures organize 
progressively towards a single through-going fault strand. It is claimed that this 
general evolution localizes the strain and reduces the complexity of the system[1]. 
 
Fractures formed by overpressure do not show this behavior as these mode-1 
features produce regular patterns of sub-parallel veins. As aperture and spacing is a 
function of the bedding characteristics it seems straight-forward to formulate the 
properties of the e.g. the vein population by statistical and mechanical models.  
 
 
Although these models help significantly to access the evolution of fracture systems 
and characterize their properties our understanding is still limited and consists of a 
large collection of rather individual models. The studies presented in this thesis are 
not different as they exhibit individual models and observations as well. After all, the 
formulation of models is the only rational way of accessing the complex nature of 
fracturing. As the case studies in this thesis show, many of the observed systems 
show-feed back characteristics that occur on different scales. 
 
As with this thesis, many researchers currently attempt to crosslink different models 
spanning different scales and combining processes to formulate feed-back 
characteristics. This is however problematic since a time-dependent approach is 
required and the multiscale data is limited due to restrictions in dimension1 or 
resolution2 of the data. 
 
 
Multiscale and multidisciplinary 
  
As geological systems are hard to access in 4D, a combined approach is presumably 
the only way to develop a robust understanding. Investigating the processes would 
require (i) field observations, (ii) analogue models and (iii) numerical simulations.  
The field observations are doubtless the most important input as these document 
the natural system. A multiscale approach is in many cases necessary to identify the 
governing structures and processes. As seen in the case study of Jebel Shams 
interaction between different scales is apparent: The joint density differs in different 
locations; the fault geometries are affected by the anisotropy of smaller veins; Crack-
Seal processes effectively heal fractures. The difficulty while collecting data from 
such a system is to recognize the feed-back characteristics and to identify the 
governing parameters.  
 
                                                 
1 A 2D outcrop or a 1D core do not represent the full 3D information 
2 A 3D seismic cube or a tomography volume are restricted in their spatial resolution 
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Figure 1- Stages from a sinistral strike slip experiment viewed from above. The superimposed 
colors show relative displacement in pixels. See Figure 2 for setup. 
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Figure 2- Stages from a sinistral strike slip experiment viewed from above. The superimposed 
colors show relative strain Δεxy as a function for fault movement. In this purely mechanical model, 
the strain is localized to brittle fault strands. Throughout the experiment series the active 
deformation localizes progressively to a singular through going strand. Note that many of the 
fault strands remain partly active. 
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Figure 3- Integrated workflow, see text for details 
 
 
Field work and the related analyses are however commonly only capable to display a 
snapshot rather than verifying a dynamic system that evolves of many thousands to 
millions of years.  
The challenge is to isolate the relevant field data for its use in a dynamic model. 
These can be either analogue or numerical, with both techniques suffering from 
major disadvantages, which can be solved only by combining the two.  
 
An analogue model is subject to the same physical laws of nature but unable to scale 
properly in space and time at the same time or it fails in incorporating the desired 
processes or material properties. An example is the presented physical model of the 
hemihydrate powder. Showing rock characteristics the model suffers from difficulties 
in defining realistic boundary conditions (rigid basement) and fails to incorporate 
processes related to e.g. forced fluid infiltration and alteration of the fracture 
network by dissolution or cementation processes. Being very inflexible the models 
produce however physical 4D data. 
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Although numerical codes allow implementing any desired variation in material 
property or boundary condition the verification the results proves difficult as data 
from the geological prototypes is not available in respect of spatial resolution, 
dimension or time span. 
 
To our understanding a combination of all three aspects – fieldwork, analogue 
modeling and numerical simulations – would deliver the most accurate picture 
(Figure 3).  The strength of numerical models can only be verified if they are 
benchmarked. The proper reference can be provided by dynamic analogue models. 
Based on physical laws these often over-simplified case-studies can produce high-
detail data under well-defined boundary conditions. Only if the numerical model is 
capable to duplicate the results of the analogue model, an up-scaling to natural 
systems seems valid.  
 
With verified building blocks of numerical code the formulation of feed-back-rules 
and scale-dependent processes will be the next challenge to accurately describe the 
complex nature of brittle deformation in cohesive lithology. 
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8 Zusammenfassung 
 
Diese Arbeit beschäftigt sich mit Aspekten spröder Deformation in Gesteinen. Das 
angestrebte Konzept umfasst Beobachtungen auf einer Vielzahl verschiedener 
Maßstäbe, welche von Satellitenbildern, über Feldarbeit, bis hin zu mikrostrukturellen 
Arbeiten reichen. Ziel ist es die die relevanten Deformationselemente zu beschreiben 
und deren Rückkopplungcharakteristika herauszuarbeiten. Dadurch, dass die 
resultierenden Modelle häufig auf statischen Beobachtungen basieren, werden 
theoretische Überlegungen und skalierte, analoge Modelle genutzt, um die 
Entwicklung und den Einfluss der Parameter zu diskutieren. 
 
Die Fallbeispiele dieser Arbeit zeigen, dass während der Evolution eines Störungs- 
und Risssystems markante Änderungen in Geometrie und Transporteigenschaften 
auftreten können. Dies unterstreicht die Wichtigkeit, zeitabhängige Prozesse in das 
Verständnis statischer Parameter einzubinden.  
 
Kapitel 2 zeichnet die Endwicklung von Störungszonen in spröden Tonsteinen nach, 
welche im Variskischen Falten- und Überschiebungsgürtel aufgeschlossen sind. In 
späten Abschiebungen der rezenten Hebungsphase lassen sich vier Lithotypen 
voneinander unterscheiden, die lediglich durch mechanische Prozesse geformt 
wurden. Obwohl die Lithotypen eine progressive Fragmentierung zeigen, so nimmt 
die Permeabilität erst zu und später ab, mit der Bildung einer feinkörnigen 
Störungslette. Trotz der klaren Abfolge der Lithotypen kommt es zu einer 
heterogenen  Verteilung der Lithotypen in Raum und Zeit, welche eine allgemeine 
Charakterisierung der Störungszone erschwert. 
 
Kapitel 3 beschreibt die Strukturen und Deformationsstadien einer Hochdruckzelle, 
die in Karbonaten von Jabal Shams/Oman aufgeschlossen ist. Eine komplizierte 
mehrphasige Deformation lässt sich anhand von Überprägungsmerkmalen von 
zementierten Rissen und Störungen nachvollziehen. Die Bildung der 
Deformationsstrukturen ist geprägt vom wiederholten Verheilen der Risse durch 
Zementation. Obwohl der Zementationsprozess die Stärke des Gesteins weitgehend 
wiederherstellt, zeigen nachfolgende Rissbildungen Anzeichen für eine mechanische 
Wechselwirkung, die zu einem höheren Maß an Fragmentierung innerhalb der 
Störungen führt. Das Fallbeispiel von Jabal Shams verdeutlicht den Einfluss 
mechanischer Rückkopplungssysteme, in denen Risse im Gestein ständig geheilt 
werden. 
 
Die eher lokal erhobenen Feldbeobachtungen aus Kapitel 3 werden durch eine 
synoptische Interpretation von Fernerkundungsdaten in Kapitel 4 erweitertet. Die 
Interpretation des Störungs- und Risssystems anhand hochauflösender Satellitbilder 
zeigt, dass die Rissdichte sich nicht in der Nähe zu Störungen ändert. Die Rissdichte 
bleibt - basierend auf Parametern wie Schichtdicke und mechanische Eigenschaften  - 
lateral gleich. Betrachtet man jedoch Risspopulationen einzelner Vorzugsrichtungen, 
so zeigt sich eine ungleichmäßige Verteilung mit lokalen Domänen. Dies 
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verdeutlicht, dass eine laterale Extrapolation einzelner Risspopulationen nicht gültig 
erscheint, da diese in lokal beschränkten Ereignissen geformt sein können.  
 
Kapitel 5 diskutiert eine spezielle Textur von Calcitklüften, welche ebenfalls auf Jabal 
Shams aufgeschlossen sind. Die so genannten „Zebras“ zeichnen sich durch 
Dezimeter große Bereiche aus, die aus einem extrem dichten Netz feiner Calcitklüfte 
in Karbonaten bestehen. Die Genese lässt sich auf unzählige Bruch-
/Versiegelungszyklen zurückführen, in denen der Zement ähnliche mechanische 
Eigenschaften wie das Gestein hat. In wiederholten Zyklen formen sich neue Klüfte 
neben bereits verheilten Klüften, was zu einem anastomosierenden Netzwerk führt. 
Im Zusammenhang zur Zebratextur diskutieren wir die Effekte von mechanischen 
Unterschieden zwischen Zement, Gestein und Kluftwand auf die Lokalisierung der 
Risse.  
 
Kapitel 6 befasst sich mit dem dilatanten Rissvolumen einer Abschiebung in einem 
Analogmodel. Dieses rein mechanische System wurde mit Hilfe eines 
Computertomographen in 4D analysiert, um neben der Visualisierung des 
Rissvolumens eine statistische Auswertung der Risspopulation zu ermöglichen.  
Das Analogexperiment zeigt, dass sich die natürliche Heterogenität im Material 
Rissmuster ausbilden, die selbst-ähnliche Eigenschaften zeigen. Dilatante Bereiche 
können dabei komplexe dreidimensionale Netzwerke bilden. Die Analysen des 
Experiments zeigen deutlich das Wechselspiel zwischen mechanischen und 
geometrischen Aspekten. Die von der Spannungsverteilung geprägte Rissgeometrie 
zeigt sich als nicht kompatibel zu den kinematischen Rahmenbedingungen. Dies 
führt dazu, dass die neu gebildeten Risse und Störungen nur einen Teil der 
Deformation aufnehmen und daher ständig neue Risse gebildet werden müssen. Dies 
führt zu nicht-linearen Deformationszyklen.  Die damit assoziierte Rissneubildung, 
sowie das Risswachstum, lassen sich in den statistischen Analysen nachvollziehen. 
Dieses mechanische Rückkopplungssystem erzeugt dabei komplexe Muster ohne 
den Einfluss weiterer Parameter wie Fluid-Injektion oder chemischer Alteration.  
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9 Abstract 
 
This thesis focuses on aspects of brittle deformation in cohesive lithologies. The 
pursued concept involves multiscale observations carried out on case-studies 
ranging from satellite images and field outcrops down to the scale of microstructural 
work to describe and isolate feed-back characteristics of brittle failure. Although the 
collection of observations on fracture geometry and properties is largely static, 
attempts are made to highlight the evolution of selected properties for the 
formulation of simple models. Based on theoretical considerations and scaled 
physical models, the governing parameters of selected feed-back systems are 
analyzed and discussed. The examples shown in this thesis highlight that the 
evolution of fracture systems shows massive changes in geometry and transport 
properties over time and emphasizes the importance of negative and positive 
feedback characteristics. 
 
Chapter 2 illustrates the development of fault zones in normal faults in 
overconsolidated claystones of the Variscan Fault- and Thrustbelt. Based on purely 
mechanical fragmentation, four lithotypes can be identified among normal fault 
systems that were active during the late stage of exhumation. Although the four 
lithotypes show a progressive increase in damage, the transport properties – as 
revealed by SEM analyses and Hg-porosimetry – suggest first a massive increase of 
permeability, followed by a significant drop with the formation of a tight clay gouge. 
Although the four lithotypes display successive stages, the heterogeneous 
occurrences of the different types within the fault zone complicate fault property 
predictions. This shows that the properties of the fault system can change 
significantly in space and time. 
Chapter 3 describes the structural inventory and evolutionary stages of an exhumed 
high-pressure cell in carbonate lithology at Jabal Shams/Oman. The complicated 
multistage deformation is described by crosscutting relationships of cemented veins 
and faults. The formation of vein and fault systems is characterized by re-sealing of 
the fractures by calcite cementation. Although restoring the systems strength to 
large parts, the successive fracturing events show signs for mechanical interaction, 
leading to enhanced fragmentation among the fault strands. This well-described 
example illustrates the importance of mechanical feed-back in a system of constantly 
restoring strength.  
The rather isolated field observations of chapter 3 are extended by a synoptic 
interpretation of remote sensing data in chapter 4. The interpretation of the fault 
and fracture network on high-resolution data sets shows that the density of the vein 
network is not changing significantly with proximity to faults. The density of the 
fractures is a function of lithological parameters and shows similar densities 
throughout individual beds. However the densities of individual directional sets yield 
a patchy distribution. This suggests that a lateral extrapolation of fracture 
distributions over a large distance is not generally valid as the fractures of individual 
vein sets in this system may have formed in local events. 
Chapter 5 focuses on a special form of vein texture found in the study area at Jabal 
Shams. A supersaturated fracture network produces decimeter sized patches of 
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calcite veins within dark carbonate. This special form of zebra carbonate shows 
evidence for numerous repeated crack-seal events. As the cement yields a slightly 
higher strength as the matrix, newly formed fractures form adjacent to pre-existing 
veins resulting in an anastomosing vein pattern with extremely high fracture 
densities. Within this framework we discuss the effects of mechanical strength of the 
matrix, the cement and the interface on fracture localization. 
 
Chapter 6 discusses the evolution of dilatant fracture volume in a normal fault 
system of an analogue model. This purely mechanical system is analyzed in 4D with 
a computer tomograph to obtain visual information on the geometry of the evolving 
fracture network and to allow statistical analyses on the population of the open-
mode volumes over time. It is shown that in a system with natural material 
heterogeneity the distribution of dilatant jogs yields complex patterns. The first self-
similar percolating volume in the experiment illustrates the potential of 3D 
connectivity of dilatant jogs. The experiment further more shows the interplay of 
mechanical and geometrical governed systems. As the fractures form in response to 
the stress field, a discrepancy between the orientation of the fractures and the 
kinematic framework of the system (in this case the boundary conditions) leads to 
deformation cycles in which the system is required to constantly adapt. This is 
reflected by non-linear changes in the fracture volume growth rate and fracture 
population. Non-linear cycles of rupture and fault growth are in our experiment 
linked purely to mechanical feed-back without the need for additional complexity 
such as forced-fluid infiltration or chemical alteration due to dissolution and 
cementation. 
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